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INTRODUCTION 
Purpose 


Tnis second progress report presents performance characteristics 
of possible anchors for the Ocean Thermal Energy Conversion power plant 
(OTEC). The first report (Valent et al, 1976) gave a general descrip- 
tion of possible OTEC anchor concepts. 


Procedure 


Each anchor type presented in the first OTEC anchor report was 
evaluated using available data and standard analysis techniques. Al] 
calculations were made assuming that load was statically applied. The 
advantages and limitations of combining several anchors of the same 
type to achieve desired capacity were discussed. 


Anchor holding capacities for OTEC were calculated for the soil 
categories described in the first report. A summary of these soil 
categories and assumed anchor loading is given in the next section. 


2 


ENVIRONMENT 
Site Categories 


The sediment strength profiles described in the first report were 
grouped into three site categories. One shear strength profile was 
developed to represent each category (Figure 1). These three site 
categories, plus two additional categories for sands and for outcropping 
and near-surface seafloor rock respectively, were used as representa- 
tive OTEC seafloor environments. The selection, sizing, and comparing 
of anchor types and combinations refers back to these baseline categories. 

Table 1 is a Summary listing of site category characteristics. Note 
that eacn category has been assigned a descriptive word title in Table 1; 
for example, the sediments of site category A can be descriptively 
referred to as clays and clayey silts. 

For site category D, sands, a predominantly quartz grain material 
is assumed having,a friction angle of 0.52 rad (30 dec) and a submerged unit 
weight of 6.8kN/m (43 pcf). Such material under ean loading may be 
susceptible to liquefaction. If the median grain size is found to 
lie between 0.02 and 0.2 mm, then the mooring system aca: be designed 
to reduce the effects of repeated loading or high factors of safety 
(greater than 10) should be used. 

The material characteristics of site category E, that for exposed 
or shallowly buried rock, are not resolved at this point. The quantified 
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Figure 1. Properties assumed for 3 of 5 assumed seafloor categories. 
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rock properties are not nearly as significant in comparing anchor types 
as are the mechanims for engaging the rock surface and the techniques 
for installing the anchor system. Seafloor rock, category E of Table 1, 
will be filled in as the data need develops. 

For each of the site categories, the performance of the various 
anchor types was determined. Thereby, those anchor types best -suited 
for a given environment (and loading situation) were identified. 


Loading 


Horizontal. Given input information from some of the OTEC power 
plant proponents/concepts, CEL established upper limits to the range of 
horizontal load magnitudes to be considered in its anchor study. Because 
the present designs are all preliminary and because this study is to. 
encompass all possible candidate power plant systems, the upper bouna to 
required horizontal holding capacity was set at about twice the capacities 
required for present plant copcepts. For the dgep ocean site, static 
drag forces of 6 MN (1.27 x 10 1bs)and 9 MN (2 x 106 lbs) were estimated for 
two concepts: for such a site, tne upper bound of ghe horizontal load 
Capacity range for this study was set at 18 MN 4x10 lbs) For the Gulf 
Stream environment, thechorizontal lpading at the anchor was estimated 
at 67 MN to 71 MN (15x10°) and (15.9x10° lbs) for two concepts:. for the Gulf 
Stream site, the upper bpund of the horizontal load capacity range has 
been set at 180 MN @0x10~ lbs). Note that these load magnitudes are steady 
state due to wind and current drag forces. The load component at the 
anchor due to wave action on the floating structure is assumed to be 
completely damped out by the mooring line system. 


Vertical. At the beginning of the CEL OTEC anchor effort a wide 
spectrum of mooring line angles and vertical mooring line force compo- 
nents was considered (Figure 2). Two loading envelopes were assumed. 

The first, representing the deep ocean, "benign" environment, assumed a 
maximum mooring line angle with the horizontal, 8, of 1.40 rad (80 deg)¢ 
with a corresponding maximum vertical load component of 100 MN (22.7x10°1bs). 
The high line angle of 1.40 rad was selected to include a proposed buoyant 
line design in which the deep section of the mooring line was to be highly 
positively buoyant rising at a steep angle from the anchor. The second 
loading envelope, representing the Gulf Stream environment assumed a maxi- 
mum mooring line angle of 0.79 rad (45 deg) with a corresponding maximum 
vertical load component of 180 MN (40x10© lbs). Reference to these 
loading envelopes will be made throughout this report. 

The authors do make note here that, at the time of writing, the high 
mooring line angles and the corresponding high vertical mooring line force 
components at the anchor do not appear practical. Perhaps the most signif- 
icant drawback to the high line angles in a conventional mooring would be 
the increased stiffness of the moor and the resulting high dynamic load 
carried in the mooring line and transmitted to the anchor and supporting 
soil. Such high dynamic load acting on the predominantly calcareous oozes 
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of the potential OTEC siting zones will result in significant soil hold- 
ing capacity reductions. This necessitates increased anchor dimensions to 
reduce the critical stress levels. A better solution to the dynamic 
loading problem would seem to be to reduce the dynamic stress level by 
making the mooring more compliant by lowering the line angle. 


STANDARD BURIAL ANCHORS 
Introduction 


Standard burial anchors are a potential choice for anchoring struc- 
tures of the sizes projected for OTEC. These burial anchors do not exist, 
however, in sizes large enough to yield holding capacities commensurate 
with simplified installation and efficient use of components. Use of the 
existing small anchors would result in very difficult load equalization 
problems. Overdesign would be required due to the high degree of uncer- 
tainty involved in achieving load equalization. 

The largest anchor advertised available weighs 45 Mg (100,000 Ibs); 
the largest anchor tested weighs 13.6 Mg (30,000 Ibs); while the largest 
anchor tested sufficiently to yield data that could be used to extrapo- 
late to sizes needed for OTEC was 6.8 Mg (15,000 lbs). This is a long 
way from the anchor Hen gne Beau ie ase holding capacities in the 
13.3 MN to 44.5 MN (3x10& to 10x10 range, the range which might be 
practicable. 


Performance Prediction for Scaled-Up Anchors 


Three basic types of burial anchors were chosen for extrapolation, 
the standard fluked type (e.g., STATO DANFORTH, BOSS), the pick type 
(e.g., BRUCE, HOOK, ADMIRALTY MOORING), and the mud type (e.g. DORIS, 
PARAVANE) anchors. Using relationships between anchor weight and anchor 
holding capacity (Valent et al., 1976) the required weights of these 
anchors could be determined for various soils and holding capacities. 
Extrapolation can be accomplished only for: (1) geometrically similar 
anchors, or (2) varying anchor geometries where the effect of variation 
on holding Capacity is known. In order to provide some measure of con- 
fidence in the results of the extrapolation, geometric similarity wil] 
be maintained. 


Fluked Type Anchor. The STATO configuration (similar to OFFDRILL, 
MOORFAST, STAYRITE) will be scaled-up because the majority of available 
data exists for this particular anchor. Figure 3 details the character- 
istics of the STATO anchor. If the existing STATO anchors were geometric- 
ally similar, the efficiency of the anchor type would be constant 
(Coombes, 1931). The data show, however, that efficiency decreases slightl) 
with size. This occurs because the linear dimensions of each anchor do 
not vary exactly as weight to the one-third power, i.e. WI/3. The 
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requirement that mild zis! be used for fabrication caused plate thickness 
to increase as about W for the larger sizes. For purposes of this 
evaluation, the 5.5 Mg (12,000 1b) STATO, which exhibits efficiencies 
at maximum drags of 25/1 in soft clay and 35/1 in sand, will be used as 
the basis for this extrapolation. The lattter value was controlled by 
steel stress rather than soil strength. 

Geometric similarity is maintained by increasing steel strengths as 
well as the linear dimensions in proportion to WI/3. Characteristics 
of the scaled-up anchors are given in Table 2. Anchor weights required 
to produce these capacities are shown in Figure 4. The required weight in 
the lower capacities is dependent upon soil strength; wehreas, anchor 
steel stress controls weight in the larger capacities. It is appparent 
from Figure 4 that once the criterion of limiting steel stress is achieved, 
anchoring efficiency no longer remains constant. Data from tests on 
Basel anchors indicate that holding capacity increases in Pe es 
to W: This is extremely close to the theoretical limit of W This 
slight difference is atrributed to errors in transferring data from log-log 
plots of actual steel stress versus anchor weight. Based upon this behav- 
jor, the most efficientanchor occurs at the intersection of the curves 
plotted for soil type and steel yield stress. 

Another anchor, included in this category but somewhat different 
than the movable fluke type previously extrapolated, is the BOSS anchor, 
a fixed solid fluked anchor. Existing data show this to be a very 
efficient anchor in small sizes; however, there was insufficient data to 
confidently extrapolate performance. A conservative approximation of 
holding capacity was thus proposed. 


Ue Gd Meee (1) 
where R = holding capacity (N) 
W = weight (N) 


The exponent ".75" was recommended by Cole and Beck, 1969. The extremely 
high efficiencies in the small sizes is attributed to the thin, high 
strength sections used in the anchor. Without modifying the design by 
adding stiffeners on the flukes, the practical limit of this design, 
maintaining geometric similarity, is probably much less than 45 Mg 
(100,000 Ibs). By adding stiffeners to this anchor, the performance 
Should more closely resemble STATO type designs since fluke/shank angles 
and effective fluke areas are approximately similar. A primary advantage 
of the BOSS anchor is its ability to embed in competent seafloors, a 
problem often encountered with other fluked anchors. The technique of 
fixing the fluke on one side of the shank may be appropriate for the 
movable fluke anchors, if they are used in competent seafloors. 

A pertinent characteristic of the enlarged fluke anchors is their 
expected penetration depth. This information is needed to enable design 
of the anchor pendant in contact with the seafloor and provide an idea of 
how much lateral movement is necessary to fully set the anchor. A 
reasonable approximation in clay is that the setting distance to achieve 
peak capacity is six times penetration depth. For example, penetration 
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Figure 4. STATO anchor weights required to produce desired holding capacities. 
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depths in soil category A are found as follows: 


(1) Computed required soil strength using anchor dimensions 
(Table 2) and peak design capacity. 


(2) Obtain depth for required soil strength from shear 
strength versus depth curves (Valent et al., 1976). 


(3) Plot depth versus anchor weight (see Figure 5). 


The required penetration of a 45 Mg (100,000 1b) anchor would be 
33.5 (110 ft) and total setting distance would be about 201 m (660 ft). 
Also plotted in Figure 5 is the actual penetration data for the STATO 
anchors in San Francisco Bay mud; the strength of this mud is very 
similar to category A soil. The remarkable agreement between actual and 
predicted penetration supports the extrapolated curve. 


Pick Type Anchor. The BRUCE and HOOK anchors are pick type anchors. 
Relatively recent developments, they appear equally efficient (about 20/1 
in category A soil and 28/1 in category D soil) 

More data are available for the BRUCE anchor and it will, therefore, 
be used for extrapolation. The BRUCE anchor has one inherent advantage 
over the HOOK anchor in that it will always embed when pulled laterally, 
even if it lands on the shank side during deployment. This greatly simp- 
lifies deep water deployment. : 

Characteristics of the BRUCE anchor taken from company literature 
(Bruce, Ltd., 1974) are presented in-Table 3 along with those of several 
extrapolated anchors to 455 Mg (1x10 1b) size. ,;The 455 Mg anchor, if 
it could be fabricated, would yield 89 MN (20x10 1bs) holding capacity. 
The limiting characteristic, as with the STATO type, will be steel stress. 
Maximum holding capacity is plotted versus anchor weight for category A and 
D soils and for various limiting steel stresses in Figure 6. The steel 
currently used for the BRUCE anchor has a yield stress of 500 MPa (72.5 ksi. 
which is greater than that required for the existing 6.4 Mg (14,000 1b) 
anchor. Maximum stress at maximum holding capacity for the 6.4 Mg anchor 
in the shank is 21 MPa (30 ksi) in soft clay (category A) and 29 MPa (42ksi 
in sand (category D). From Figure 6, assuming a construction capability 
exists, it is apparent that approximately a 17.8 MN (4x10© 1b) capacity 
91 Mg (200,000 1b) anchor could be fabricated using exactly the same steel 
that is used in the 6.4 Mg (14,000 1b) anchor by simply eee or tee 
dimensions in propor tion to weight to the one-third power, 

Also included in Figure 6 is a curve representing ae eae 
relationship between holding capacity and anchor weight in that regime 5/3 
where steel stress control efficiency, i.e., holding capacity ~ Weight) 

The initial point of the curve came from the company advertised limiting 
load of 2.98 MN (670,000 lbs) for the 6.4 Mg anchor fabricated from 
500 MPa steel. 


Mud Type Anchor. Only two of this type anchor are known to exist 
and are called the PARAVANE anchor and the DORIS Mud anchor. The existing 
sizes and company advertised capacities of the PARAVANE or "Kite" anchor 
are provided in Table 4. These capacities appear to be based upon a soil 
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Figure 5. Predicted penetration of the STATO type anchor versus anchor weight. 
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Figure 6. Bruce anchor weights required to produce desired holding capacities. 


14 


Anchor Weight (Kg) 


iyi ardbabiaal bse pry Miao yin Sag Gypsy dott rayall vais 


Table 4. Characteristics and Company Advertised Holding Capacities of 
the Paravane Anchor 


Model No. 


1000 
225.4 449.) 1420.7 
(209) (497) (990) (3132) 


Holding Capacity, kN/kips 


44/10 80/18 151/34 222/50 

: 93/21 138/31 302/68 445/100 
129/29 200/45 423/95 667/150 
178/40 285/64 583/131 898/202 
222/50 Sby//Z9) 725/163| 1125/253 
409/92 872/196] 1352/304 
1023/230| 1579/355 
1801/405 


Embedment Depth, m 


2024/455 
2246/505 
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with a shear strength approximately three times as strong as category A 
soil. This design does not lend itself to significiant extrapolation due 
to the high bending stress created at the juncture of the plates. Rough 
estimates indicate that the maximum practical size would be in the 13.6 Mg 
(30,000 Ibs) to 18 Mg (40,000 Ibs) range with a capacity in category A 
soil of about 1.3kN to 1.8 kN (0.3 to 0.4x10° lbs). 

Data on the DORIS Mud Anchor (C.G. Doris, 1973) are provided in 
Table 5. Advertised holding capacities are theoretically predicted; they 
are not based upon test data. In order to achieve these holding capac- 
jties with the shear strengths suggested by C.G. Doris (3.4 kPa to 9.6 kPa) 
the anchors must embed to depths approximately 2 1/2 times their height. 
Data would be needed to verify this penetration before confidence could be 
placed in the performance of the extrapolated anchors. 

The DORIS anchor appears to be suitable for very soft sediments where 
soil shear strength is relatively uniform or increases very slowly with 
depth. In normally consolidated soils like category A soil, there is a 
definite advantage to deep penetration. Bearing area for the DORIS anchor 
is roughly 1 1/2 times that for comparably weighted fluked and pick anchors, 
yet penetration of the latter would seem to be much greater. This would 
more than offset the area advantage of the DORIS. This is substantiated 
by the difference of more than a factor of 2 in efficiencies between the 
fluked or pick types and the DORIS anchor. 

Large anchor-bearing areas are employed for the DORIS anchors to 
achieve high capacities with shallow burial. This results in low steel 
stress. The advantages of the DORIS anchor should be more fully realized 
in the very high load ranges where the fluked and pick type anchors become 
steel stress limited. The point at which this occurs in the DORIS anchor 
cannot be determined because plate thicknesses and steel types are unknown. 

Extrapolation of the DORIS anchor to the ultra large sizes required 
by OTEC cannot be made with a great deal of confidence by maintaining 
geometric Similarity. Extrapolation on this basis assumes that anchoring 
efficiency pet ts constant, until limited by steel stress. As dimensions 
increase by y! , bearing area increases as w2/3_ Thus, for constant 
efficiency, penetration mus & ,jncrease. According to company data (Table 5), 
bearing area increases as W to maintain constant efficiency (i.e., not 
geometrically simi }9y). This means that fluke thickness is increasing at 
a rate less than W which results in a more rapid increase in steel stress 
than would occur if similarity were maintained. In other words, the 
company probably assumed that penetraton would not increase enough to main- 
tain constant efficienty. Therefore, the increase in bearing area had to 
be disproportionately large (larger than W2/3); and thickness relatively 
small. It is apparent that this offsets the advantage of maintaining low 
bearing pressure to produce low steel stress. Even though extrapolation is 
uncertain, the general size of some large anchors have been calculated and 
are presented in Table 6 solely to enable estimates of fabrication and 
logistics difficulties. Assuming geometric similarity is not py Eamed: 
bearing areas and holding capacities were scaled according to W and 
23W-7, respectively (Valent et al., 1976). The ratio of fluke height to 
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Table 5. Characteristics of Standard DORIS Mud Anchors(DORIS, 1973) 


Advertised 
Holding 

Capacity 

KN/ktps 


Dimensions 
Meters 


| Height 


lS /33 196/44 


| | 

| 28 | 2.2/4.8 276/62 

| A40 Bey o7 AeA een 4x00) un bale 50) y SoIVes | 

| A70 | 6.0/13.2 | 5.50 i 5.00 | 1.90 ° 685/154 : 
A110 | GOO miNe60 (6-00 | 2:20 | NO7e/zaz | 


| 
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Table 6. 


Anchor 
Weight 
Mg/kips 


Characteristics of Extrapolated DORIS Mud Anchors 


Holding 
Capacity 
kN/kips 


Seili20 
1€.1/40 
54.4/120 
90.7/200 
181.4/400 


453.6/1000 


1080/240 


1960/440 


5250/1180 
8450/1900 
16,000/3590 


36 ,000/8100 
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Efficiency 


width was taken as 3/8. 

The low efficiencies and large sizes of the DORIS compared to the 
fluke and pick type anchors previously discussed, seem to rule out this 
choice for OTEC applications. For example, assuming it could be fabri- 
cated, a 455 Mg (1,000,000 1b) mud anchor would be required to equal the 
capacity of a 136 Mg to 182 Mg (300 to 400,000 lbs) fluke type anchor, 
and the large size, at least 36 m (118 ft) long, 33 m (107 ft)-wide and 
12 m (40 ft) high, would make the mud anchor extremely difficult to 
handle and deploy. 


Anchor Fabrication 


The limiting criterion regarding conventional anchor use in OTEC is 
fabrication capability. Two methods are available with which to fabri- 
cate these anchors, welding and casting. 

The feasible construction limit for a welded anchor, without resort- 
ing to costly built up section, depends upon available steel. Heat 
treated steels of 760 MPa to 1100 MPa (110 to 160 ksi) strengths in 
thicknesses of .051 to 0.10 m (2 to 4 in.) can be obtained; however, the 
complexities involved with welding these materials make them undesirable 
choices. The most desirable steels for this application are HY-80 and A514 
Of these, HY-80 is superior because of its superior toughness. Thicknesses — 
of up to 0.11 m (4.5 in.) are available. This would allow a 68 Mg 
(150,000 Ibs) fluke type anchor to be fabricated. 

The feasible limit for a casting depends primarily upon the volume 
of steel required. Available information suggests that this would trans- 
late into approximately a 45 Mg to 64 Mg (100,000 to 140,000 Ibs) maximum 
size for a pick or fluke type anchor. The practical limit for cast steel 
strength is 517 kPa (75 ksi). This value is almost coincident with the 
steel used to cast the Bruce anchor. One alternative is to fabricate an 
anchor by partial casting and welding. This would increase cost over a 
normal casting but could also potentiallly increase practicable size. 

A significant factor in fabrication procedure is cost. For example, 
casting large anchors (45 Mg range) requires large flask capacity and would 
cost roughly $3.30 to $4.40 per kilogram including pattern fabrication. 
The cost of a welded construction of this size would be $5.50 to $6.60 per 
kilogram. The actual cost may be higher than the quoted figures because 
there would undoubtedly be some engineering involved in fabricating these 
large anchors. The largest anchor that has been fabricated in this 
country is 27 Mg (60,000 Ibs) (April, 1976) even though the largest 
advertised is 45 Mg (100,000 lbs). 

Cost is not the only criterion that should be used in selecting 
fabrication method. Fabrication and use experience are also significant. 
There is limited experience in casting large anchors; thus, it appears 
that there would be more uncertainty both with fabrication and in-service 
use. Quality control of a very large casting may be difficult. Thus, 
the lower limit of the potential range (45 Mg) is recommended for casting. 
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Summary 


Several standard drag-burial anchors including fluke, pick, and mud 
types were evaluated to determine the maximum practicable sizes that could 
be fabricated, handled, and deployed. The maximum size, 45 Mg to 68 Mg 
(100,000 to 150,000 1bs), will be controlled strictly by fabrication 
capability. The capability to handle and deploy components of this 
magnitude is well established. 

Table 7 summarizes the characteristics of the possible anchors for 
OTEC. Maximum recommended sizes are 68 Mg (150,000 Ibs) for a welded 
fluke type anchor and 45 Mg (100,000 Ibs) for a cast anchor. Casting is 
the only reasonable method for fabricating the Bruce (pick type) anchor 
Since its shape is not amendable to welded construction. A 64 Mg 
(140,000 Ibs) cast anchor is conceded as a possiblity within the present 
state-of-the-art with the realization that limited data exists in cast- 
ings of this size. Anchor cost varies from 1 to 3 cents per newton 
(6 to 12¢ per pound) of holding capacity. In practice these differences 
would not be as significant because the higher cost is associated with a 
higher capacity anchor; thus, the number of mooring legs would be reduced 
with commensurate savings in materials and installation costs. Anchor 
size differences are not significant provided the fluke type. anchor employs 
hinges in the stabilizer bars; otherwise, the approximately 12.2 m (40 ft) 
width would complicate deployment. 

The drag burial anchors discussed are feasible to lateral capacities 
to 22 MN (5x106 Ibs). The difficulties inherent in using standard drag 
anchors in combination makes this type unsuitable for the Gulf Stream sites 
where loads to 178 MN (40x10© lbs) are possible. It is very doubtful that 
eight of these large anchors could be placed in parallel such that each 
would be equally loaded. 

Even in the deep water, benign environments where the lateral loads 
range only up to 18 MN (4x106 lbs), drag anchors are not desirable. This 
is true because the drag embedment anchor requires a zero mooring line 
angle with the seafloor in order to embed, and requires that a near-zero 
angle be maintained in order to realize best holding capacity. Also, the 
drag embedment anchor is able to resist load from only one direction. 
These requirements of near-zero mooring line angles and uni-directional 
loading are too restrictive for general OTEC application. 

The above requirements for drag embedment anchors can be satisfied. 
For instance, the uni-directional loading requirement can be met by using 
a multi-point moor in which each individual leg and its anchor experience 
service load is essentially from one direction. The requirement of zero 
mooring line angle during anchor embedment can be achieved in at least 
three ways: 


1. A sufficiently long scope of line could be used such that the 
mooring line angle at the seafloor was zero. However, the cost of the 
long line will be quite high, and the following techniques for shortening 
the scope will likely prove more cost effective. 
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2. Deadweight may be added to the mooring line near the anchor to 
"absorb" the vertical component of mooring line load. The deadweight may 
be mass blocks attached to the mooring line or may be a length of heavy 
chain incorporated into the lower end of the mooring line. 


3. The drag embedment anchor could be fully embedded during instal la- 
tion using a long scope of line and zero mooring line angle, and then the 
scope shortened considerably raising the line angle to 0.1 rad -(6 deg). 

Once embedded, the drag anchor will hold near capacity at this 0.1 rad line 
angle. This approach presumes that it is possible to preset an anchor to 

a few million pounds. Developing the necessary lateral force may be poss- 
ible by pulling one anchor against another, but it will be difficult and 
time consuming. Further, if tne preset load was exceeded, the anchor could 
pull out. 


Given that one of the above options for achieving a near zero line 
angle during embedment is invoked, an appropriate drag embedment anchor 
could be built. An anchor such as the Bruce would be desirable because 
jt would reorient itself and embed regardless of initial attitude. 
Maximum lateral capacity would then be limited to 9-16 MN (2-3.5x10© Ibs) 
without resorting to multiple anchor hookups. 


Conclusions 


Of the two anchor types considered potentially applicable. to OTEC, 
the fluke and pick types, the least complicated installation would be 
achieved with the pick type because of its ability to embed irrespective 
of landing attitude. The maximum capacity of this anchor would be 9 to 
16 MN (2 to 3.5 million pounds). If the more complicated installation 
procedures associated with the fluke type are acceptable, then 13 to 22 MN 
(3 to 5 million pounds) capacity is possible. For these anchors to be 
useful, they would have to be used in multi-point moorings possibly with 
several anchors in tandem or parallel in each leg. 

Until fabrication technology improves to a point where 114 Mg to 182 
Mg (250,000 to 400,000 Ibs) anchors are feasible, the use of conventional 
anchors of the pick and fluke types would seem to be less attractive than 
other types of anchors for the OTEC installation. 


PLATE ANCHORS 
Introduction 


Several plate anchors were designed and analyzed for holding capacity. 
Calculations were made for seafloor soil categories A, C, and D. Possible 
OTEC plate anchor designs were also compared to existing plate anchor tech- 
nology. Rough cost estimates were made on the basis of present material 
and fabrication costs. 
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Holding Capacity 


Soil categories A and C (cohesive soils) were analyzed for both 
long term and short term behavior under static loading. Soil category D 
(cohesionless) was analyzed for long term statjc loadings. _Anchors con- 
sidered were flat plates with areas from 9.3 m“ to 149 m° (100 -ft~ to 
1600 ft“). Calculations were made for both square and rectangular (length 
= 2 x width) plates. Holding capacities at anchor embedment depths of 
6.1 m to 30.5 m (20 ft to 100 ft) were determined. The procedure proposed 
by Taylor and Lee (1972) was used. 


Short Term Holding Capacity. Short term static loading describes 


the situation in which the anchor is loaded rapidly until breakout occurs. 
For short term loadings the holding capacity to be achieved is calculated 
differently for cohesive soils (clays) than for cohesionless soils (sands). 

In cohesive soils the excess soil pore pressure generated by rapid 
loading acquires a lengthy time period for near-complete dissipation. 
Because the pore pressure beneath an embedment anchor plate does not have 
sufficient time to dissipate during rapid loading, suction develops under 
the plate causing an apparent increase in holding capacity. The magni- 
tude of this suction force cannot be predicted confidently for the highly 
disturbed soil expected about the large OTEC plate anchors.’ Because of 
this lack of confidence, the contribution of the suction force to short- 
term holding capacity was herein conservatively assumed to be zero; i.e. 
no suction. 

In cohesionless soils the excess soil pore pressure due to rapid 
loading is dissipated almost as fast as it is generated. Thus, a suction 
force is not generated. 

The basic equation used for holding capacity is a typical bearing 
Capacity equation (Taylor et al., 1975): 


R = A(sN. + ydNq)(0.84 + 0.16 B/Z) (2) 
where R = holding capacity (N) 

A = plate area (m2) 
Ss = soil cohesion (Pa) 
y = buoyant unit weight of soil (N/m?) 
d = plate embedment (m) 
Nc» Nq = holding capacity factors 
B = fluke width (m) 


Z = fluke length (m) 
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For cohesionless soils, s = 0 and N. = 0. For cohesive soils under 
short term leading, No = 1 and No ranges from a value of zero to nine. 


Long Term Holding Capacity. Long term static holding capacity refers 
to the situation in which an anchor pulls out after a constant upward force 
has been applied over a long period of time. Such a situation might occur 
for a submerged buoy moored to the seafloor (Taylor et al., 1975). 

Equation (2) with s and N_ set to zero was used to find long term capacity. 
Ng ranged from two to twelve. Under long term loading, the excess pore 
Pressure in cohesive material escapes (drained behavior). As a result, 
clays under long term loading act as frictional materials. Cohesionless 
materials were assumed to exhibit drained behavior only. 


_ Design Holding Capacity. Short and long term holding capacities were 
plotted against deptn and plate size in Figures 7, 8, and 9. For cohesive 
soils the short term capacity was much less than predicted long term capac- 
ities. Therefore, short term capacity was taken as the critical or design 
holding capacity. The curves show the large plate sizes and deep embedment 
dépths required to achieve OTEC holding capacities. The single plate size 
required in the deep ocean environment, soft clay (categeory A), is 12.2 m 
wide. Compare this with the largest existing embedment anchor plate which 
measures 1.5 m wide to 2.5 m long. 


Effect of Inclined Load. Another consideration that enters into a 
single point mooring (single or multiple flukes) is the effect of inclined 
or non-vertical loads. Several studies (Meyerhof, 1973; and Colp and 
Herbich, 1972) on the effects of inclined loads have been conducted. For 
almost all soil types and relative depths of embedment Meyerhof found that 
holding capacity under an inclined load equalled or exceeded that under a 
vertical load. Tests by Colp and Herbich in a saturated sand showed that 
capacity increased up to an angle of .44 rad (25 deg) and then decreased 
to near the vertical capacity at an inclination of 0.79 rad (45 deg) 
vertical. For this report the effect of load inclination changes was 
assumed to be negligible. 


Operational Factors 


Mooring Line Angle. For a given horizontal load at the surface, the 
load felt at the anchor is a function of the mooring line angle (angle 
between seafloor and mooring line). For a taut line the load at the anchor 
increases approximately as the secant of the line angle at the seafloor. 
Thus, for high line angles mooring loads ape increased significantly. For 
example, a horizontal force of 18 MN _(4x10~ lbs) would produce a force in 
the mooring line about 25 MN (5.7x10© Ibs) at a line angle of 1/4 rad 
(45 deg). At an angle of 1.4 rad (80 deg) the force in the mooring line 
would be roughly 102 MN (23x10© Ibs). The advantage of maintaining a low 
mooring line angle is apparent. 
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Keying Distance. Keying distance is the vertical distance (upward) 
required to rotate the anchor to an approximately horizontal orientation 
(Figure 10). A rule of thumb is that the keying distance equals twice 
the fluke length. For example, suppose that a 6 m wide fluke must be 
embedded to 20 m to mobilize soil resistance. To account for keying 
distance, the fluke length, i.e., required penetration = 20m+2x6m= 
32 m. For typical OTEC relative embedments (d/Z-= 5) this distance 
becomes excessive. The large plates must be driven very deep to account 
for keying distance. 


Single Plate. Design anchor loadings (Table 8) were used with 
Figures 7, 8, and 9 to specify required OTEC plate anchor sizes. The 
results are listed in Table 9. Table 9 suggests that a single plate anchor 
could be used to moor OTEC. The basic advantage of these single fluke 
designs is their simplicity. Note, however, the size and embedment depth 
required. These sizes represent an enormous extrapolation of current 
plate anchor installation technology. The means to embed and key such 
anchors neither exists today nor appears possible in the foreseeable 
future. 


Multiple Plate. As shown in Table 9, required holding capacities 
for OTEC could be obtained by bridling several flukes. This approach 
introduces the problem of load equalization among anchors. A simple 
sheave and cable system (Figure 11) has been used to solve this problem 
for two anchors. But designing, installing, and maintaining a bridling 
system for up to six anchors would be considerably more intricate and 
costly. Note also that the driven depth for 3 m flukes in category A 
soil is 37 m. The Civil Engineering Laboratory has explosively embedded 
its 100 kip anchor to depths of 15 m in soft seafloors using a 254 mm 
(10 in.) inside diameter gun. By increasing gun diameter to 406 mm 
(16 in.), the 3 m plate could probably be embedded to only about 15 m. 
Although other means of embedment are possible (vibrating, jetting, etc.). 
experience indicates that they would be even less desirable. 

The load equalization and embedment problems associated with multi- 
ple plate anchor installations would require a concentrated and expensive 
design and development program with no guarantee of success. Such a pro- 
gram is not recommended in view of the alternative anchor types available. 


Structural Design 


Method. The simple model shown in Figure 12 was used to compute 
stresses in plate anchors. Mooring force was assumed to act vertically. 
It was balances by a uniform distribution of soil pressure on the hori- 
zontal plate. Maximum bending moments and resulting fiber stresses were 
calculated and used to compute required steel thickness. Under the 
assumptions, required plate thickness is independent of plate area. A 
plot of mooring force versus required plate thickness (HY-80) steel is 
Shown in Figure 13. From the plot it is clear that steel of 76 mm to 
101 mm (3 to 4 in.) thickness is required. 
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Figure 10. Illustration of keying distance. 
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Table 8. OTEC Anchor Loading 


Deep Ocean Gulf Stream 
Possible Soil Category As) Bs C De Ere 
Assumed Maximum Mooring 
Line Angle with Seafloor 0.79 rad (45 deg) 
Maximum horizontal force 18 MN (ax10° lbs) 180 MN (40x10° Tbs) 
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Table 9. Plate Anchor Design for OTEC Application 


Load Soil |Width V Thickness | Required Driven j|Number eh 
MN/10© Ibs Depth Depth Required 
(m) (mm) j (m) (m) .- 
25.5/5.6 A 3.05 83 30 37 9 


30 43 
24 48 
25).5/ 5.6 : 30 37 
30 43 
14 38 
255/56 j 30 37 


30 43. 


26 50 


1/ Square in Plan 
2/ Factors of Safety not included 
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Figure 11. Load equalization for two anchor case 
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Figure 12. Model for plate anchor structural design. 
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Mooring Load, R (MN) 


100 


50 


Fluke Thickness, t (in.) 
1 5 10 


50 100 
Fluke Thickness, t (mm) 


Figure 13. Required fluke thickness versus mooring load. 
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To reduce the steel weight (cost) imposed by large plate thicknesses, 
a hollow plate design was also considered. Typical solid and hollow designs 
are shown in Figure 14. 

Anchor loading was plotted against anchor weight for both solid and 
hollow designs in Figure 15. The reader should note that this figure does 
not indicate anchor holding capacity. It merely gives the weight (thickness) 
required to prevent steel failure under an-apolied load. Anchor capacity 
will be a funciton of soil type and embegment depth as shown in Figures 7, 
8, and 9. The nine square _metre (100 ft") anchor has a maximum holding 
capacity of 3.3 MN (0.75x10° lbs). Now Figure 15 is entered to determine 
anchor weight. 


Cost. Table 9 shows several possible anchor designs for OTEC appli- 
cations. The 3 m square anchor was chosen for cost comparison to present 
anchors. The estimated cost of fabrication and materials only for a deep 
ocean plate anchor installation (nine 3-m anchors) is $234,000 (Table TON 


Summary 


Plate anchors, either singly or in arrays are not reasonable choices 
for OTEC. Load equalization for multiple fluke designs and embedment limits 
for either multiple or single fluke design are critical. In view of the 
alternative anchors available, further investigation of plate anchors is not 
justified. : 

Existing or moderately scaled up plate anchors could be useful in con- 
junction with another primary anchoring system. 


Screw-In Plate Anchors 


Present types of screw anchors consist of small diameter steel shaft 
with a large diameter plate, or blade, near the bottom. The plate is 
typically a flat, single-flight helix. Rotation of the screw anchor causes 
it to pull itself into the soil. Several blades may be spaced along the 
shaft for greater capacity. Screw anchors have been used extensively on 
land as guy anchors. They have also been used to anchor offshore pipelines. 
Present offshore systems are installed in_water depths to 300 m and have a 
pullout capacity of about 110 kN (25 x 103 Ibs). 

Relatively minor modifications are required to increase capacity by 
a factor of 2 (Raecke, 1973). However, scaling up to the sizes required 
for OTEC would be a monumental task. Used as the primary anchor, a screw- 
in anchor would be limited by lateral load capacity. As discussed in the 
section on piles, the sizes required to resist lateral loads are probably 
unreasonable. For this reason screw-in anchors will be considered only 
as supplementary anchors to assist in resisting vertical load. 


Proposed Use. Single helix anchors might be used to supplement the 
vertical holding capacity and resistance to overturning of a deadweight 
anchor (Figure 16). The screw anchor and associated embedment system 
would be fabricated as an integral part of the deadweight. The deadweight 
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able 10. Materials and Fabrication Cost Estimate for a Typical OTEC Plate Anchor 


Environment - Deep Ocean 


Soil category A (soft clay) 
Water depth 6000 m 6 


Total mooring force 18 MN (4x10- Ibs) 


Anchor Description - nine, 3 m square plate anchors 
6 


Nominal holding capacity (each) - 3 MN (0.67x10° 1bs) 
Dimension 3m x 3 mx 83 mm 

Weight 5900 kg (13,000 Ibs) 
Efficiency Silks 

Cost 

Hy - 80 steel $0.77/kg 

Fabrication (Welding) 3.63/kg 

Unit Cost 4.40/kg 

Sub-total (1 anchor) 26,000 


Total (9 anchors required) $234,000 
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and screw anchor combination would then be transported and positioned as 
a single unit. The helix would be embedded by hydraulic motors driven by 
electric power from the surface as proposed by Raecke (1973). 

Only a single helix arrangement is considered feasible for the pro- 
cedure suggested above. The added capacity of a multiple helix is out- 
weighed by the comnlexities of installing it through the deadweight. 


Holding Capacity. The holdingcapacity of a single helix anchor 
can be computed using procedures identical to the plate anchor procedures 
presented above. Approximate helix areas required may be found using 
Figures 7, 8, and 9. The representative plate anchor sizes in Table 9 
may also be taken as representative helix sizes. 


Embedment. The power required to embed helices of the sizes 
suggested by Table 9 is a matter of conjecture. The screw-in anchor con- 
cept proposed by Raecke required a 45 kW (60 hp) power source at the surface 
to install a single-helix anchor, 0.8 m diameter, to a depth of 15 m. ; 
Present offshore systems (Short, 1971) are powered by hydraulic motors 
requiring about 56 kW (75 hp). On the basis of fluke area, or holding 
capacity, an extrapolation of roughly 20:1 would be required for OTEC 
helix sizes. Power requirements are probably within reach. 


Summary. 


1. Single helix anchors, used to supplement the vertical capacity 
of a deadweight, are feasible. Further investigation should provide 
information regarding the economic aspects of the suggested concept. 

2. Single or multiple helix anchors are not feasible as the primary 
OTEC anchor due to low lateral load-capacity. 

3. Multiple-helix anchors do not appear suitable for use with 
deadweight because of installation complexities. 


PILE ANCHORS 


The evaluation of piles as OTEC anchors first considered a single 
pile, unrestrained head, subjected to a slowly applied horizontal and 
vertical load (Figure 17). Lateral and axial (pullout) capacities were 
determined for soil categories A, B, C, and D. Behavior of piles 
subjected to repetitive loading was estimated using available guidelines. 


Pile Lateral Capacity 


The effect of soil strength, pile length, and pile diameter on 
lateral capacity was determined by combining the results of a short and a 
long pile analysis. Overlap of the two procedures at a transition length 
(10 x diameter) allowed some comparison of results. Comparisons for piles 
of a given diameter were made “or similar pile stiffnesses. 
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Figure 17. Deflection of a long pile by combined axial and lateral load applied 
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Short Pile Analysis. Czerniak's (1957) procedure for analyzing 
short, rigid piles was used. The procedure is based on the principle 
of static equilibrium. The pile is assumed to be infinitely rigid. It 
rotates about a point below the soil Surface when an external lateral 
force is applied at the top of the pile (Figure 18). Soil resistance at 
each point along the pile is assumed to be eorie eneL to pile deflec- 
tion at that point. 


= Ky/D (3) 


where p = soil pressure (Pa) 


K = modulus of horizontal subgrade reaction (Pa) 
y = lateral deflection (m) 
D = outside diameter of the pile (m) 


Assuming a linear increase of unit soil resistance with depth, the length 
of pile necessary to maintain equilibrium under an applied load can be 
calculated. 
For a horizontal load Rj, and moment Mo, applied at the surface, the 
appropriate equation of equilibrium is: 
ET ag Ea (4) 


Sr 4 Ee 
7L 14.14 Dp, Dn ny 


where Z = pile length (m) 


lateral force at the surface (n) 


Be) 
'" 


coefficient of horizontal subgrade modulus (Pa/m) 


Mo 


" 


moment at the surface (N.m) 


for the special case of no external moment, equation (4) becomes: 


_ 22Dnh 


14.14 (5) 


Re 


Similarly, the equation for bending moment at any point is: 


4 
Hh, SA es (ES et (6) 
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Figure 18. Short pile loading and displacement. 
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where x = distance along pile below the surface (m) 


M, = moment at point x (N-m) 

For Rj applied at the surface, the maximum bending moment occurs at 
approximately 0.42Z. Substituting this for x in equation (6), the 
maximum bending moment becomes: 


ey =" 02260 RZ (7) 


Equation (5) was used to find the lateral load capacity for pile diameters 
Of eds 2.4. 4.9. vandu7soume(4., Sa 16. and 25 ft) for pile lengths: up to 
the limit of validity of the Czrniak relationship, i.e., 10 x diameter. 
The coefficient of horizontal subgrade modulus, nh, was selected based on 
the recommendations in Czerniak (1957) and Anon (1967). Those values for 
Soil Categories A, B, and C were based on the developed shear strength 
profiles, and the value for Soil Category D based exclusively on Anon 
(1976). The assumed values are listed in Table 11. Using these ny values 
in equation (5) the lateral load versus pile length relationships shown as 
solid lines in Figures 19, 20, 21, and 22 were developed. Soil pressures 
were assumed to be sufficient to maintain equilibrium and resuieing 
deflections were assumed to be acceptable. 


Long Pile Analysis. A long pile andlysis was done for two reasons: 

(1) To find out if pile capacity could be increased using longer 
piles. ; 
anes check the short pile results at the transition length 


A subgrade reaction method (Gill and Demars, 1970) was used to find 
lateral capacity for selected pile lengths and diameters. The method is 
similar to a commonly used method developed by Matlock and Reese (1960). 
The non-linear soil load-deformation characteristics (p-y curves) are 
represented by a rectangular hyperbola. Hyperbola shape is defined by 
measurement of the undrained shear strength for clay; and effective 
overburden and friction angle for sand. The procedure employs a finite 
difference solution of the equation of bending to obtain deflections. 
Soil properties, pile characteristics, and pile loading are input to the 
computer program. Pile stiffnesses were selected on the basis of maxi- 
mum bending moments calculated from the Czerniak rigid-pile analysis for 
Soil Category C. The pile sections required to obtain these stiffnesses 
appear reasonable and practical for fabrication. The long-pile analysis 
program returns pile deflection, bending moment and soil modulus as a 
function of depth. The external loading boundary condition was adjusted 
until pile failure (bending moment exceeded) occurred. 
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Table 11. Assumed Coefficients of Horizontal Subgrade Modulus 


Soil Category 
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Figure 19. Pile lateral capacity in soil category A. 
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Figure 20. Pile lateral capacity in soil category B. 
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Figure 21. Pile lateral capacity in soil category C. 
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Figure 22. Pile lateral capacity in soil category D. 
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Long pile analysis lateral load capacities for various lengths and 
diameters are shown as dashed curves in Figures 19, 21, and 22. A long 
pile analysis was not done for category B soil (Figure 21). Curves were 
drawn through the more conservative capacity at the transition length 
between the long and short pile analysis, i.e., at Z = 10 x D. The 
solid and dashed lines delineate the lateral capacity envelope for the 
piles shown. : ay 


Results. Review of Figures 19 and 20, indicative of pile anchor 
performance in deep ocean environments, suggests that single piles of 
7.6 m diameter (25 ft) and 47 m in length would be required to mobilize 
the necessary 18 MN (4x10© Ibs) lateral load resistance. 

Figures 21 and 22, indicative of performance in a competent clay and 
sand seafloor, as might be found beneath a high energy area, suggests 
that a single pile anchor design is probably not appropriate for such an 
area. Piles of 7.6 m diameter (and of the stiffnesses assumed) are not 
capable of resisting the full 180 MN horizontal load component (40x10° bs). 
Larger diameter piles could mobilize sufficient soil resistance to resist 
the Gulf Stream loading, however, technical feasibility suggests that a 
multiple pile anchorage using smaller piles would be more reasonable. 

Figure 23 illustrates the influence of the pile analysis procedure 
employed. The short pile analysis assumed mobilization of the available 
soil resistance and maximum bending moment in the short pile was calcu- 
lated. Then a pile section was designed to resist that moment. This 
pile section was then input into the long pile analysis (or more properly 
the stiffness values were input). This fixing of the pile stiffnesses 
results in the fixing of the bending resistance of the respective pile 
diameters. For lengths greater than about 10 diameters; lateral load 
capacity is controlled by the assumed bending resistance. Adherence to 
this procedure is justified because the pile secitons designed appear 
practical as is: increasing the pile stiffnesses would result in very 
thick-walled, unreasonable, possibly unfabricatable sections. The actual 
pile sections designed will be presented and discussed later; it is 
important to note here that the break in the lateral load capacity curve 
(Figure 23) is not indicative of a soil phenomenon, but rather is due to 
the pile stiffness assumed in the analysis. The data presentation of 
Figure 23 suggests that for the pile sections used, there is no marked 
improvement in lateral load capacity when the pile is lengthened beyond 
10 diameters. However, increasing the length beyond 10 diameters may 
decrease pile deflection. Figure 24 shows deflection at maximum load 
for the 8 ft. diameter pile at Z = 10D and Z = 20D. The figure indicates 
much larger deflection at the shorter length. At Z = 10D, the pile is 
definitely exhibiting the short pile behavior idealized in Figure 18. 
Increasing length to 20 diameters gives the smaller deflections charac- 
teristic of long pile behavior (Figure 17). At 30 diameters length 
deflections would be almost the same as the 20 diameter case. The point 
at which increases in length do not give a corresponding decrease in 
deflection depends on a well-known stiffness factor (Gill and Demars, 
1970, and others): 
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Lateral Capacity of Pile, Ry (MN) 
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Figure 23. Pile lateral capacity versus normalized length. 
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r= (El) V8 (8) 
where T = relative stiffness (m) 
E = Young's modulus for the pile (Pa) 
I = polar moment of inertia of the pile (m*) 
iif coefficient of horizontal subgrade modulus (Pa/m) 


Piles with embedded lengths larger than 4T act as if they were embedded 
to an infinite depth (Davisson and Gill, 1963). 

The desirability of small deflection takes on increased significance 
when repetitive loading is present. This will be discussed more in the 
section on repetitive loading. 


Pile Axial Capacity 


Pullout Capacity in Clay. A semi-empirical procedure (Vijayvergiya 
and Focht, 1972) was used to predict the pullout capacity of the piles 
for cohesive soils (A, B, C). The method of analysis expresses pile 
fricitonal resistance as a function of mean vertical SE stress and 
mean undrained shear strength: 


Q. =76N (o,, + 2s_) A. | (9) 
where Q_ = side friciton on pile (n) 

d = dimensionless friction coefficient 

o = mean vertical effective stress over pile length (Pa) 

Ae lateral area of embedded pile (m2) 

Si > mean undrained shear strength over length of pile (Pa) 


The friction coefficient was based on available data from load tests at a 
number of different locations. Comparison of predicted friction pile 
resistance to observations showed good agreement (Vijayvergiya and Focht, 
1972). 


Pullout Capacity in Sand. For category D soil (sands) a simplified 
empirical procedure was followed. Pullout resistance was taken as a 
function of mean vertical effective stress, o: 
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N_ = KAgo, tan 6 (10) 


where K_ = coefficient of lateral pressure on pile wal] 
6 = effective friction angle of soil on nile wall (rad). 


. For the calcareous sand, 6 was taken as 0.44 rad (25 deq) and K. as 0.4. 
Such high values are appropriate for calcareous materials only hen the 
piles are installed by drilling and grouting (McClelland, 1974). Avail- 
able large scale test information (Angemeer et al., 1973, 1975) indicates 
that capacities of driven piles in calcareous sands may be as little as 
one-fourth of those indicated by Equation 10. Pile load tests are 
reauired to accurately predict the canacity of driven piles on this tyne 
material. The size and difficulty of installation of a pile anchor for 
the OTEC nower plant dictates that the soil resistance available be 
maximized. Therefore, this study assumes that the technoloay will be 
developed to provide the drilled and arouted nile option in water denths 
to 6,000 m. In reality, the installation of larae anchor piles in deen 
water annears more technically feasible by the drillina and groutina 
techniaue than by the driving technique. 


Results. Computed nullout canacities are shown in Fiqures 25, 2f, 
27, and 28 for respective soil categories. The reader should note that 
capacities were calculated independently of lateral load. -Aaqain, cal- 
culations were for a sinale, unrestrained pile subjected to a slowly 
applied vertical load. Note that a 110 m lona, 4.9 m diameter nile 
would provide sufficient pullout resistance in the deep ocean environ- 
ment. An 85 m long, 7.6 m diameter pile would hold in the Gulf Stream 
environment. These pile lengths and diameters are probably within 
present offshore capabilities. 


Effect of Repetitive Loading 


Definition. Repetitive loading is defined as successive, slow 
applications and relaxations of a load. In other words, shock loads are 
excluded. Repetitive load is a reasonable approximation of what an 
actual OTEC anchor will encounter. 


Discussion. Several authors (Matlock, 1970; Gill and Demars, 1970) 
have noted that static load displacements may be increased by as much as 
50 percent under repetitive loading. At initial disnlacements laraer 
than 20 percent of nile diameter, Matlock (1970) noted a continuous and 
progressive deterioration of soil resistance with cycling. Fiaure 24, 
presentina disnlacement data for a 2.4 m diameter nile, indicates the 
24 m long pile will deflect 0.5 m under the static loadina, or about 21 
percent of the pile diameter. The lonaer, 48 m nile will deflect only 
0.26 m or about 11 percent of the diameter. If this relationshino holds 
for niles of other diameters and in other soils, then niles lonaer than 
10 diameters (or, alternatively, reductions in the lateral loads annlied 
to the niles) will be necessary to prevent proaressive deterioration of 
soil resistance. 
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Figure 25. Pile axial pullout capacity in soil category A. 
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Figure 26. Pile axial pullout capacity in soil category B. 
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Figure 27. Pile axial pullout capacity in soil category C. 
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Figure 28. Pile axial pullout capacity in soil category D. 
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Several authors reported bending moment increases due to repetitive 
loading. Davisson and Salley (1968) noted a 2 to 50 percent increase in 
bending moments on 1.2 m diameter drilled piers. In model and field 
tests, Matlock (1970) observed moment increases of almost 100 percent 
during cyclic loading. Several of Matlock's tests were performed on a 
0.33 m diameter instrumented pile in soft, slightly over-consolidated 
clay. These conditions are fairly representative of marine sediment 
deposits. Matlock suagested that a reduction in pile lateral capacity 
due to cyéling might be estimated on the basis of a ratio of pile deflec- 
tion to diameter. The rough quidelines in Table 12 were estimated from 
the results of his model tests. 

A typical deflection ratio expected for the OTEC anchor is about 
0.1. Thus, design capacity for repetitive loading is about 0.58 times 
static canacity. Please note these reductions have not been applied to 
the data presented herein. 

The effect of repetitive axial loading on axial pullout capacity 
should be minimal (Bea, 1975). Likewise the effect of repetitive 
lateral load on axial canacity has not been a serious problem in present 
offshore structures. 


Preliminary Structural Design of Required Piles 


As indicated in the lateral load canacity analysis section, the 
pile sections were desianed to resist the maximum load conditions for 
piles with lenaths equal to 10 diameters in the category C soil. This 
course of action was taken early in the study to enable an evaluation of 
the materials available for fabrication, the wall thicknesses and weiahts 
necessary, and the overall practicality of the pile anchor concent apnlied 
to OTEC. Table 13 presents a summary of results for two, potential, 
single-pile anchor designs, one a 4.9 m diameter, 31 m lona pile, the 
other a 7.6 m diameter, 7.6 m long pile. These piles in a categorv C 
soil are capable of mobilizing soil resistance to supply the noted axial 
and lateral load capacities, with no reductions applied for repetitive 
loadina. In all cases, the larae bending moments resultina from the hiah 
lateral loads controlled structural design of the piles. 

Reinforced concrete was eliminated from consideration because the 
high bending moment combined with axial tension would result in sionifi- 
cant cracking on the tension side of the pile, an unacceptable condition 
in the marine environment. Either prestressed concrete or steel could be 
used for the 4.9 m diameter nile resisting the 9.8 MN (2.2x10© 1bs) 
lateral load. The prestressed concrete pile would, however, require 13.3 

MN (3x10© Ibs) of steel and concrete to resist the 9.8 MN lateral load. 
Thus, the concrete pile anchor efficiency (lateral load capacity to weight 
ratio) would be 0.7--little better than a good deadweight anchor. The steel 
pile avpears much more desirable with a 50 mm wall thickness and a lateral 
load efficiency of 5.4. 

An adequate design using prestressed concrete is not possible for 
the 7.6 m diameter pile resisting the 97 MN (22x106 Ibs) lateral load. 
One simply cannot fit the required steel and concrete into the cross- 
section available. An idealized steel pile section is suggested for 


59 


i pba see Gh 2 
7 NT Poesy 
seit sty] suset4 ,; 
parart tw 


tr Téixt SV Ea Hohl 10 
Sgardcat (aa eam) 0: 
 dyazet afer 4 naa 201 sen Vt ianose Len me 


gayi) one Vo ony heat ranula 


ie Milaveks. fis TS iet6y aft cn 
fi Zhen py bSniat za 
ih pt. fest cate OF ah} Latiog 
ania > gh A of hey uaF tet 
i at ik weg? JaaF poses dey qn, aid 
bee Megat a) Mitt ees say liste 


ai fa ‘toe mast i Ce : 
ris, E gang zt eo fa2cinis ti hdew te 

ery He «as Shots wuhetion ite , 241) rosde> 
Loonr Tain Silane nAlhnes sgwl Sad (29263 
Wie ae PRT any yo iotegtt | Shit ees esl pert ade 
m4 NOB Shs TerO* wary}, aha Tit ig! a6w 6 aninod 7 
: i Hla: OF aad lspes dy iwelesn Beh ae 
i ent He Sabre: ont Te nn Pens 

f 


| on A TSW {iti hares st isnt sts 
Sr) i ie, 7 VG. ay perk: bara ity vatems 

4 ef. Rares y ahoworl, ok Tarw S114 gta iM he 225 (F24ng. é 
rainl Ch NR ond Yeteer os Szaconny baa | 

sinc WAP hades bool tererst) WINES VIA imilandosl¥qoad 


iabee son a atie Sgr avonsh bone Biqany wittad oft Prt 
wiodet al ory é¢ 5/9 Te LEB am fa B® tow wlun wieah easy 
iny el diz to JG 26 Bis yan. Psat F Samy yey 2 yah es 


. ae = a That Oat) 49 exieiaee es 

Wno7 fas is ' (% it Of >) are Te Oi ani er2o } | rr ae 5 es 

“SOUT SI NIN SIS THis Ong Pass Hes WY PDE Tee: waa 
reef BIAS Hue ff diricee afty GS Sot ut ae Saal Tava moras 


TABLE 12. Suggested Residual Lateral Load Capacity 


Percentage Due to Repetitive Loading as a 
Function of First Cycle Deflection 


y/D Lateral Capacity (percent of static capacity) 
0.2 20 
0.1 58 
0.05 62 
0.025 67 
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illustrative purposes. The 7.6 m diameter pile would require pile walls 
150 mm (6 in.) thick. HY-80 steel can be obtained in such thickness, 

is weldable, and would serve well in seawater at the ambient 4°C; it is 
not known if such plates can be formed to the necessary shell curvature. 

Of course, the real pile structure would probably look considerably 
different from the idealized simple shell. One fact is known, the pile 
strucutre will be steel and will not be reinforced or prestressed concrete. 


Summary 


Probable anchor pile ultimate capacities are shown in Figure 29 for 
the deep ocean environment and in Figure 30 for the Gulf Stream environ- 
ment. In reviewing and using this ultimate capacity data, the reader 
must remember that safety factors on the order of 2 must be anplied to 
this data when determining the safe working load. Working loadings 
higher than this will cause excessive pile deflections leading to pullout 
or failure in bending. Capacities for axial and lateral load were 
computed independently. Pile lengths plotted in Figure 29 were chosen 
to: (1) minimize deflection and (2) reflect practical constraints 
(installation, fabrication, anticipated costs). Figure 29 suagests that 
Single piles used to anchor OTEC power plants in the deep ocean will have 
to be about 4.9 m in diameter to resist the lateral load component. The 
pile length required would vary with the vertical load component, from 
about 50 m long for zero vertical load to about 120 m long for-a 100 MN 
vertical load comnonent (see Figure 25 for source of pile length data). 

Figure 30 indicates the difficulty of obtaining the very high 
lateral load capacities necessary for the Gulf Stream environment. 

Pile anchors of conventional diameter, say 2.4 m, linked in qroups, 
do not appear economical for resisting the large lateral forces encount- 
ered in locations like the Gulf Stream. To resist repetitive lateral 
load with piles alone would require as many as 118 2.4 m diameter, 

49 m long piles. 

In the less severe deep ocean environment piles could prove to be 
effective and economical. They have one distinct advantage over dead- 
weights. Pile lateral capacity is not severely reduced as axial pullout 
forces increase. Thus piles are better able to cone with hich mooring 
line angles than are deadweight or draq embedment anchor systems. 


DEADWEIGHT ANCHORS 


Introduction 


Horizontal Load Resistance. Deadweiaht anchors derive their lateral 
load capacity by developing friction between their bottom surface and the 
seafloor (Figure 31). The maximum horizontal resistance, R,, between the 
seafloor and the deadweight is a function of the gravitational force 
imposed by the deadweight on the seafloor and of the cnefficient of fric- 
tion between the deadweight and the seafloor. The coefficient of fric- 
tion varies widely with seafloor material type from 0.1 to 0.5 with the 
type of seafloor material and the nature of the deadweight anchor 
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Figure 29. Pile anchor holding capacity under static load, deep ocean environment. 
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Figure 30. Pile anchor holding capacity under static load, Gulf Stream environment. 
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bearing surface. For the most part, on the predominantly soft 
cohesive seafloor sediments, typical values are 0.1 to 0.2. 

One purpose of deadweight anchor design is to increase the lateral 
holding capacity by providing roughened surfaces or teeth to better 
engage the seafloor surface. Cutting edaes, often referred to as skirts 
in the case of cutting edges around the perimeter of a deadweiaht, are 
a common solution (Figure 32). When the cutting edges have been embedded 
vertically in the seafloor, lateral sliding of the deadweight occurs on 
shearing zones (possibly planes) emanating from the tip of the cutting 
edges. Thus the cutting edaes serve to force the shear zone into a 
typically stronger soil. In addition, for the deadweight to move hori- 
zontally, the wedge of soil in front of the leading skirt must be pushed 
up and out of the way providing another comnonent of lateral load resistance. 


Vertical Load Resistance. Increasing the mooring line angle at the 
anchor from zero causes a vertical component of load to be applied to 
the anchor. This vertical load component must be resisted by a portion 
of the submerged weight of the deadweight anchor. (Figure 35})) 6 


: Overturning Resistance. The deadweight anchor must have sufficient 
resistance to overturning arising from its shape, distribution of mass, 
and location of mooring line attachment to remain stable under any load- 
ina condition. The deadweight must be very flat or squat, that HSiomibt: 
must have a large width, B, as compared to its height, H. The center of 
mass must be located as low as possible. Lastly, the mooring line attach- 
ment point on the deadweight must be positioned as low on the anchor as 
possible so as to minimize the lever arm of the horizontal load comnonent, 
P,... To minimize overturning potential, much of this study assumes the 


déadweight anchor height to be one-tenth of the width or 


H =0.1B (11) 


The cutting edge length Z, also influences the overturning potential. 
Deadweights with low ratios of cutting edge penetration to anchor width, 
i.e., Z/B, will have a lesser potential for overturning. 

Deadweight anchors reauired to resist equal loads from any direction 
offer little flexibility in varying the point of mooring line attachment. 
The attachment point must be centrally located allowing only movement to 
a point lower on the anchor profile. However, deadweight anchors which 
must resist their heavier loadings from one general direction offer 
potential for optimizing the attachment point location. Rather than 
elaborate here, the reader is referred to the Pearl Harbor concrete anchor 
illustrated in Figure 10(d) of CEL TM-42-76-1 (Valent et al., 1976). Thi's 
report is limited to consideration of centrally loaded, saquare-plan 
deadweight anchors. 
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Definition of Deadweight Anchor Failure. This study assumes that a 
deadweight anchor has failed if: (1) the bearing capacity of the 
supporting sediment is exceeded leading to a local or general failure 
of the deadweight, (2) the lateral load capacity of the sediment is 
exceeded leading to excessive permanent lateral displacement of the 
deadweight, and (3) the total “immediate” and "consolidation" settlement 
is such that the mooring line attachment point to the deadweight is 
lowered to beneath the pre-existing seafloor surface. (This last mode 
of failure, that of settlement, has not been treated herein.) Items (1) 
and (2) separately and individually define any local bearina capacity 
failure, necessarily involving tilting and some lateral displacement of 
the deadweight, as a deadweight anchor failure. 

Although the assumed definition of anchor failure does reauire that 
the deadweight anchor not slide under the ultimate loadina condition, the 
authors allow that this condition may be too stringent. Under certain 
circumstances it would appear advantageous to design a deadweight anchor 
to allow some sliding as a mechanism for accommodating peak mooring line 
loads. Such a sliding system would require sufficient area for movement 
without adversely affecting the ecosystem or other users of the sea. 
This study has not treated such a sliding deadweight anchor system. 


Approach. The sizing of deadweight anchors of the type reauired for 
OTEC is dependent primarily on the magnitude of the lateral load component. 
This study first evaluates the lateral load capacity as a funciton of dead- 
weight anchor width, B, and cutting edge penetration, Z. Then the cutting 
edges are structurally designed to resist the lateral load applied to them 
with the prime objective of obtaining the cutting edge thicknesses, t, 
required. When cutting edge thicknesses are available, the load reauired 
to fully embed the skirts can be calculated. Further, the deadweicaht 
configuration can then be optimized to provide the minimum mass reauired 
to provide a given lateral load capacity. 

Deadweight bearing capacity is treated subsequently to demonstrate 
that, for a deadweight anchor designed to resist the exnected lateral 
loads for OTEC, bearing capacity failure is not an insurmountable nroblem. 


Evaiuation of Lateral Load Capacity 


Failure Mode. The lateral load capacity of the deadweight anchors wes 
evaluated assuming tne sliding mode pictured in Figure 33. This failure 
mode is most desirable because the base shearing zone is forc@uU down into 
the deepest possible position where the soil shearing strength is greatest 
for the strength protiles expected. Uevelopment of this failure mode 13 
dependent on the ratio of cutting edge spacing to iength, b/Z; on the net 
vertical load magnitude at maximum mooring line load; and on the applied 
overturning moment. The assumption here is that cutting edge spacing, net 
vertical load, and overturning moment will be adjusted to ensure develop- 
ment of the deep, planar failure zone. 

The lateral load capacity was assumed to include resistance from a 
complete passive wedge failure in front of the leading cutting edge. The 
existence of a complete wedge assumes no scour about the anchor block. 
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This condition could be expected in most seafloor areas; however, in many 
category D and some category C environments scour could be a problem. 
Deadweight anchor design should seek to minimize the notential for scour 
by streamlining the deadweight and by providing scour nrotection about 
the anchor periphery. 

In order to minimize the potential for overturning, initial -consid- 
erations of lateral load capacity assumed-a ratio of cutting edae lenath, 
Z, to deadweiaht width, B, of 0.1. Later evaluation of the lateral load 
developed as a funciton of the anchor deadweight reauired to embed the 
skirts showed the ratio of Z/B of 0.1 to also be very desirable from the 
Standpoint of design efficiency. 


Analysis of Passive Wedge Comnonent. 


1. Cohesive Soil. The analysis of the passive wedae comnonent 
for a cohesive soil (categories A, B, and C) utilized the relationship 


Be = Weyla # 257 (12) 


where a = lateral load resistance per unit width of passive wedge (N/m) 


buoyand unit weiaht of soil (N/m?) 


Ye = 
Z = length of cutting edge (m) 
Ss = undrained shear strenath of soil (Pa) 


a EE 
Values of undrained shear strenath of the seafloor sediment, s, and of 
the buoyant unit weight of the sediment, y, used in the analysis are as 
presented in Figure 1 and Table 1. The total lateral resistance arising 
from the passive wedae is found by multiplyina the lateral load resistance 
per unit width, Rp', by the width of the passive wedge. For the square 
plan deadweight anchors treated herein, the width of the passive wedge 
would be the block width, B. The passive wedge component of the lateral 
load resistance is then: 


R. =R. B Gi3} 


This value of the passive wedge lateral load resistance is believed real- 
jzable at all moorina line directions, i.e., the same value can be realized 
even when the mooring line is acting along a diagonal of the sauare dead- 
weiaht anchor block. When evaluating the lateral load capacity of circular 
plan deadweight anchors, it would appear reasonable to reduce the average 
pasSive pressure acting on a diameter as is done when evaluating the 
lateral load capacity of cylindrical piles (Czerniak, 1957). Lateral load 
capacities derived from the passive wedge are presented as a function of 
anchor side dimension for Soil Cateaories A and C in Fiqures 34 and 35 
respectively. 
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2. Non-Cohesive Soil. The analysis of the passive wedge component 
for a non-cohesive soil (category D, sand) utilized the relationship 


1 2 
Reg V2 Vena (14) 


coefficient of passive lateral earth pressure on- the 
cutting edge 


where K 


Table 14 presents values for the coefficient of passive lateral earth 
pressure on the wall of the leading cutting edge, along with a list of 
assumptions inherent in the use of theseK_ values. The sand of 

cateaory D was assumed to have an angle of internal friction, o of 

0.52 rad (30 dea), a conservative value. From Table 14 the K_ value for 
a ¢ = 0.52 rad soil is 4.78. Conservatism has been interjected in the 
selection of ¢ = 0.52 rad because of the unknown cutting edge performance 
in hiahly calcareous cateaory D soils. The values of the effective 
friction angle of a calcareous soil on a cutting edge wall, 6, may be 
considerably reduced due to the soft nature of the carbonate grains 
relative to steel. 3 the buoyant unit weiaght of the sediment, y, was 
assumed as 5.5 kN/m (35 pcf). The conservative value was used for two 
reasons: (1) soil in the passive wedge will be less dense: than soil under 
the anchor, and (2) soil in the passive wedge might be removed by scour. 
Lateral load capacities derived from the passive wedge are presented in 
Figure 36. 


Analysis of Base Shear Component. 


1. Cohesive Soil. The deadweight anchor is assumed to slide on 
a soil failure plane passing through the tins of the cuttina edge as 
shown in Figure 33. The resistance to lateral load develoned alona this 
plane in a cohesive soil is in its simplest form: 


Re = 5) x oA (15) 


where A = bearing area of the deadweight (m2). 


Lateral load resistances calculated using (15) may prove somewhat uncon- 
servative in some more-sensitive seafloor sediments because the failure 
zone will probably develop in a proaressive fashion with the realizable, 
average shear strength on the base shearing plane being somewhat lower 
than the measurable undrained shear strength of the sediment, s. No 
allowance for the progressive failure effect has been made in this nre- 
liminary effort. Undrained shear strenaths used in the anlysis were 
obtained from the strength profiles of Figure 1 at soil depths eoual to 
the cutting edge length. 
Lateral load capacities arising from base shear in category A and 
C soils have been plotted as a function of anchor width in Figures 34 and 
35 respectively. Note that in these figures the ratio of cutting edae 
Tenath to anchor width, Z/B, has been fixed at 0.1. 


73 


at r Mt - 4 


¥ aiteorio: “é giuees so514 18S fecstef pifees +0 iesvarnes= 
et are ’ = a ae ee 


! Fe sobig eit tt aie 7 ame 
ioe i me our THD ag 


‘no site af beset 2h Herang ean, ae es Cee 


ce CRaaSnh 40 ate odd’ EYE 
ais Patatayae baal Tangtef "AY S3n6 
. 2 hed fea fame: Bad nee 


‘i (ei) | Lin, 


° my 
* Cm) ditphowbest ant’ to: sare eniteany . 
Sion Panwanos ovo Bh cae tf Bo ied Phy hed — iy’s, i poe Sc9 
opt pee aly APuUaBIIG “Bs Nini bss VHotvass gyi) raioe2- avi i Pi: 
bafedox: Maan nit Pied ie Thea ae ayhe ey Fiayt > THareyvaly, Vv pal 
yawn F Tawi ihe “ayy Sh anetag nat if ere) B yt?) coh hyn) rr 
J ate ares ahd So AFptowd a o18 (Pid otal 
mia ail, N? eledl nesd wad'945745, 54p) ) SVD Fl 
. i) py a7 Atl j ith iy hah arnionreay me (hSH2 han) ait 
ah Tayod rartt« Oy Lioe TH |. a4uyl4 a0; STATA TT ores? ue 
= rs rp raf 
ial Ae Hays ft 1 CE 4 2a Moy DEP K rs Patna} boat 
DAA OE plied at ayn roniwin 3 Ot SAF oo OH Del ea he nama ' if 
ankin RTI tO ET BY AD 5 Ae PTY 419dmn wi tan ny Vay t ' vaye 
) DA te WE ey of lift “atl Am Oh Ae 


Table 14. 


(dea) 10 


| 


(rad) 0.17 


cS 


Kp 1.56 


*Assumptions: 


Coefficients of Passive,Lateral 
Deadweight Cutting Edge 


125 US Wigs 20 25 30 35 


0.22 


] 


.76 


0.26 0.30 0.35 0.44 0.52 0.61 
NSS e2225 2459) 3.46 4°78 36.88 


cutting edge wall is vertical 
soil surface is horizontal 
soil is non-cohesive, s = O 
angle of wall friction, 6, = 
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Earth Pressure on 
(after Tschebotarioff, 1962) 
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Fiyures 34 ana 35 also present tne total lateral luau capacity, R,, 
the sum of the base shear and passive wedge components, for anchors of 
Square plan. For the Z/B ratio of 0.1 treated and for the category A soil 
the passive wedge resistance, Rp, comprises about 20 percent of the total 


lateral load capacity, Rj. _In the category C soi j 
resistance comprises abobi 15 percent of the tora] farars SES acity. 


The slight difference i ibuti i iS 
totatly te differences in the oho netomat’ passiy Mose aeenecen 
profiles. , 

Increasina the Z/B ratio will increase the proportion of ultimate 
lateral load capacity carried by the passive wedae, Rp, because th 
passive wedge capacity increases as a function of depth squared, Z°, while 
the base shear capacity increases nearly linearly with depth. 

2. Non-Cohesive Soil. The resistance to lateral load developed along 
the base shear plane in a non-cohesive soil is: 


Ry = Wage x tan 6 (16) 
where W y : 
eff = (Nj effective weiaht or force on the base shear plane 
N 
Cravens (Wet _)e— Pe (17) 


where W = submerged weight of the anchor (N) 


We = submerged weight of the soil entrained within the cuttina 
edges and above the base shear plane (N) 


ee = vertical force component anplied to anchor by mooring 
line (N). 


The lateral load capacity of a deadweight anchor on non-cohesive soil is 
then directly proportional to the effective weiaht on the base shear plane. 
The lateral load capacity can be modified by either (1) increasing the 
height of the deadweight to increase its mass or by (2) increasina the 
density of materials comprising the deadweight. The first option for 
increasing the effective weight per unit area, that of increasina the 
heiaht of deadweight, is limited by overturning potential and by local 
bearing capacity potential. The second option, that of increasina the 
mass per unit volume of the deadweight, is limited by material availability. 
Base shear capacity of the deadweiaht anchors for OTEC on a category 
D soil were calculated assuming an effective agle of internal friction of 
0.52 rad (30 deg) and a soil submerged unit weight of 7.1 kN/m> (45 ncf). 
Figure 36 presents the lateral load component due to base shear, Rp» as a 
function of the anchor block width for a sauare anchor. The data presented 
is for an anchor block with cutting edges with a Z/B ratio of 0.1. 
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Figure 36 also presents the total lateral load canacity, RL, of the 
deadweight anchor with Z/B = 0.1 on category D soil. For these conditions, 
the passive wedge resistance, R_, comprises about 12 nercent of the total 
lateral load capacity, R,. The'fact that the nassive wedge is a minor 
contributor to the later4] load capacity is quite fortunate. The passive 
wedge, in some environments, especially in category D soils, could be sub- 
stantially removed by scour. Because the wedge is a minor contributor, 
its contribution to the lateral load capacity can be neglected without 
drastically affecting the anchor block dimensions. 


Results. The lateral load capacity malysis suggests sizes reauired 
for deadweight anchors in various soil categories. These are presented 
in Table 15. The results of this phase are significant when considering 
potential technicues for contsructing, transporting and installing dead- 
weight anchors for OTEC. For example, if a deadweight anchor with a 
lateral load capacity of 18 MN (4x106 ibs) were required at a particular 
OTEC site with category C sediments (Figure 35), that lateral load cana- 
city could be provided by a square-plan deadweight anchor 22 m (72 ft) 
on aside. This anchor could be transported in the well of the heavy- 
lift ship Glomar Explorer (well width 22.5 m (74 ft). However, deadweiahts 
of greater width could not be transported within the shin's well, and 
other transport techniques would be necessary. 


Lateral Load Canacity as a Function of Cutting Edge Length and Anchor Width 


Assumptions. One possible way of increasing the lateral load canac- 
ity of an anchor block of given plan dimensions is to increase the length 
of the cutting edge. Increasing the length and embedment of the cutting 
edaes moves the base shear plan downward into presumably stronger material 
and increases the size and load capacity of the nassive wedae. 
Unfortunately, the lever arm of the overturning moment is also increased, 
and thus the lateral sliding failure mode may no longer be controlling. 

The review of lateral load canacity as a function of relative cuttina 
edge length, i.e., Z/B ratio, assumes that lateral slidina would be main- 
tained as the dominant failure mode. This failure mode can be maintained at 
the exnense of restricting the direction of load application to only one 
direction, i.e., by restricting the multi-direction anchor to a uni- 
direction anchor. Reduction in the overturning moment is achieved by 
lowering the moorina line attachment noint as illustrated in Fiaure 37, or 
by re-distributina the anchor mass to better counter the overturnin« 
moment. The uni-direction anchor is suitable for use in multi-noint moor- 
ings and in areas of uni-directional loadina (e.q., moorinas near the axis 
of the Guif Stream). 

Results. Lateral load canacity nredictions for deadweights with Z/B 
ratios other than 0.1 were calculated using the sanmeassumntions and tech- 
niaues employed above for deadweiahts with Z/B = 0.1. The results are 
presented in Fiaures 38, 39, and 40 for Soil Categories A, C, and D 
resnectively. 
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Figure 38. Lateral load capacity of deadweight anchor for various Z/B ratios in soil category A. 
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Figure 39. Lateral load capacity of deadweight anchor for various Z/B ratios in soil category C. 
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Figure 40. Lateral load capacity of deadweight anchor for various Z/B ratios in soil category D. 
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Optimal Ratios of Cutting Edae Length to Anchor Width 


Purpose. The previous section addressed increasing the lateral load 
canacitv of a deadweiaht by increasina the cuttina edae lenath. Cuttina 
edae lengths are limited in practice; however, by two factors. One of 
these factors, aagravation of the overturning nroblem was treated earlier. 
The other, implementation of cutting edae nenetration, places’ 
efficiency/cost limitations on the cuttina edae lenaths and section thick- 
nesses. Lenathenina the cutting edges increases the lateral load and the 
effective moment arm acting to bend the cutting edge at its noint of 
attachment to the anchor base (see Fiaure 41). To develon the increased 
bendina moment and shear canacity in the cutting edae, the structural 
section must be increased (thickened). The cuttina edae of areater 
thickness and length reauires a areater force, obtained from the dead- 
weight submerged weiaht, to accomplish comnlete embedment. The increased 
costs of the greater structural section in the longer cutting edge and 
the increased costs for materials, construction, and handling of the 
heavier deadweight both imvose an upner limit on the nractical lenath of 
cuttina edge to be used. 

This report section annroaches the subject of ontimal Z/R ratios 
from an idealized standpoint. It assumes that minimum cost is directly 
related to the minimum deadweiaht mass reauired to embed a cutting edae 
design sufficient to resist the desiaon lateral load. Clarification of 
this statement is left to the discussion of results for this section. 


Structural Desian of Cutting Edges. 


1. Procedure. The cutting edges were desiqned to resist the 
pressure of a passive wedge as the cutting edge is moved laterally without 
rotation. The nressure distribution on the cutting edge wall was assumed 
trianqular. Then the force resultant actina on the wall could be taken 
to onerate at the two-thirds point (see Fiqure 41). The force ner unit 
width of anchor block Ry! was obtained from the earlier presented passive 
wedge data. The force times the moment arm yields the bending moment to 
be resisted at the juncture of cuttina edae and deadweight block: 


Melee. (ay3ez) (18) 


This analysis is conservative, but justified because it is simnle. The 
analysis is conservative because the cutting edges would normally be 
arranged in a arid pattern beneath the deadweiaht and would interact. 
Those cutting edaes oriented narallel to the mooring line direction would 
act as shear walls assistina in transferring the moorina load to the 
nernendicular oriented set of cutting edges and thereby reducing the 
bending moment in that nernendicular set. 
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Figure 41. Force-moment diagram for skirt. 
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2. Results. Four votential configurations and Joadina conditions 
were selected, the bendina moments per unit width, M_', calculated, and 
then reinforced concrete and strucutral steel wall sections were desianed 
to resist the applied bendina moment. Inout parameters and calculated 
wall thicknesses are contained in Table 16. The desian assumed that full 
loading could be applied to either side of the cutting edge. The rein- 
forced concrete design utilized a working stress design and incorporated 
76 mm (3 in.) of cover over the steel. The steel cutting edge desian 
also used a working stress design with efforts to minimize the wall 
thickness, i.e., the section is not the most economical for resisting the 
anplied moment. The steel section was assumed composed of a row of H- 
nile sections joined into a wall and stabilized by two steel sheets, 

One on the inside flange, the other on the outside. The design thick- 
nesses, t, for the cases analyzed were plotted and joined in Fiaure 42 
to provide a thickness estimating curve for cutting edges. 

Please note these thicknesses, t, are based on a working stress 
design while the passive resistances noted are ultimate loadings. There- 
fore, a chanae in technique for cutting edge thickness desian may be 
appropriate. 


Load Required to Penetrate Cutting Edges. 


1. Assumptions. The critical factor in dealing with-cutting edge 
penetration is the soil shear strength assumed to be acting. In the 
treatment of cutting edge nenetration, the tip of the cutting edge was 
assumed to be nenetrating in a bearing capacity failure mode with the 
soil shear strength being mobilized being equal to.the undistrubed shear 
strength (see Figure 1). The walls of the cutting edge were assumed to 
be slidina downward in partially remolded soil. The dearee of remolding 
was assumed to be at least as great as the minimum value of sensitivity 
auoted for that soil category (see Table 1 for sensitivities). The nene- 
tration of the cutting edge was assumed to reduce the shear strength, s, 
of a cateaory A soil by a factor of 2, a category B soil by a factor of 
3, and a category C soil by a factor of 2. The curves of soil side 
friction, sf, obtained by this technique are sae, in Figures 43, 44, 
and 45 with the recommended values, y (o_ + 2sS_), to be used for estima- 
ting the soil side friction on driven steel ee (McCelland, 1974). 

2. Analysis. The cutting edge tips were assumed to be blunt. 
Penetration of this blunt tip at the expected low emplacement velocities 
is described by a conventional bearing capacity analysis. This approach 
is conservative because every attemnt will be made to streamline (sharpen) 
the tins to reduce the tip resistance. However, unknown dynamic effects 
may negate any strenath reductions due to streamlining, therefore, no 
attemnt is made in the analysis to streamline the cutting edge tins. 

The walls of the cuttina edges were assumed not specifically 
prenared, that is, smoothed or lubricated. 
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Table 16. Thickness of Cutting Edges for Selected Cases 


Case 
Soil Category 
Anchor Width, B(m) 


Cutting Edge 
Length, Z(m) 


Z/B 


Laterial Load on 
Edge per Unit Width 
R 


(kips/ft) 
(kN/m) 


Maximum Bending Moment 
per Unit Width 
M ! (kip ft/ft) 
(m.MN/m) 


Cutting Edge Thickness 
Required, t 
Concrete (m) 
Steel (m) 
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Sub-bottom Depth, d (m) 


Soil Shearing Strength and Friction on Cutting Edge Walls, f (kPa) 
5 10 15 20 25 30 


s = Undrained shear strength 
S, = Side friction on cutting edge wall 
Q= Side friction on a driven pile 


f (psi) 


Figure 43. Comparison of soil friction values for cutting edge penetration analysis in 
soil category A. 
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Soil Shearing Strength and Friction on Cutting Edge Walls, f (kPa) 
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d (ft) 
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Figure 44. Comparison of soil friction values for cutting edge penetration analysis in 
soil category B. 
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Sub-bottom Depth, d (m) 


Soil Shearing Strength and Friction on Cutting Edge Walls, f (kPa) 
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s = Undrained shear strength 
5 Sp = Side friction on cutting edge wall 
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Figure 45. Comparison of soil friction values for cutting edge penetration analysis in 
soil category C. 
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AG: Cohesive Soils. The force required to embed the deadweight 
skirts, Ne is to be evaluated using the relationship 


— 
" 


iS SNA a SA. (19) 


where Ss = undrained shear strength at the cutting edge tip, (Pa) 


N. = bearina capacity factor taken to be 9 for cutting edqes 
of Z/t = 


A = bearing area of the cutting edge tips (m?) 
Se mobilized soil/cutting edge wall friction (Pa) 


A_ = side area of the cuttina edge (m2) 


Unfortunately, during the cutting edge embedment analysis, the bearina 
canacity term of Equation (19), i.e., the term sN_A, was imoroperly avail 
uated yielding values of force reauired to embed the cutting edaes, 0 

about 5 percent too high. The error is on the conservative side indi€ating 
a greater deadweight reauired than is really necessary to actomnlish embedmert 


b. Non-Cohesive Soils. The force reauired to embed the deadweight 
skirts in non-cohesive soils (sand-like) is to be evaluated using 
the relationship 


x=) 
" 


A(1/2 ytNydy + ZN Sq4q) + A.Ko, tan b (20) 


where t = thickness of cuttina edge (m) 


Ny and N = bearing capacity factors (see Fiqure 40 of CEL TM-42-76-1, 
a Valent et al., 1976) 


Sq = shape factor = 1 + tan ¢ 
d_ = factor to account for the shearing resistance of soil above 
9 the bearing plane of the anchor 

= 142 tan o(1 - sin) “tan ~'(Z/t) (21) 
ay = (purpose same as d,) 20 7°F°0¢47 tan Vz/t) (22) 


K = coefficient of Jateral pressure on cutting edae wall 


oO. = vertical effective stress (Pa) 
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After having used the above relationships, (20), and (21) in development 
of the forces required for penetration, questions have arisen regarding 
the appropriateness of the magnitudes used for many of the terms. As 
will be shown later, it is not appropriate to spend a great deal of MTEC 
effort in resolving uncertainties regarding embedment of cutting edges 

in sand, at least at this stage of the effort. Later presentations will 
Show that the most efficient deadweiaht desian on sand will use only very 
shallow cuttina edges. 

3. Results, Force Required to Embed. Steel cutting edaes were 
given the greater attention because they are only one-half the thickness 
of concrete cutting edges and thus reauire significantly less force to 
embed. The forces reauired for embedment, Ne, were calculated for various 
sizes of square blocks (widths = B) and for Z/B ratios of 0.1, 9.2, 0.3, 
and 0.4 on cohesive soils and 0.05, 0.10, 0.15, and 0.20 on non-cohesive 
soils. Intermediate cutting edges were placed beneath the anchor blocks 
to ensure development of a planar failure plane beneath the anchor. The 
ratio of cutting edge spacing to length, b/Z, varied with the soil type: 
ratios of b/Z = 2, 3, 5, and 6 were used in Soil Cateaories A, RB, C, and 
D respectively. The bearing areas and wall areas of all cutting edges 
were summed to yield the A and A_ areas respectively. 

Figures 46, 47, 48, and 49°present the forces reauired to embed 
cutting edges in Soil Categories A, B, C, and D respectively. The forces 
_for embedment are represented as solid lines. The dashed curve on these 
plots will be exnlained in the subseauent seciton. 


Optimum Cutting Edae Ratios. 


1. Approach. After the development of data above showina the 
submerged weights necessary to embed cutting edges for deadweight anchors 
for varying B, Z/B, b/Z, and soil strength profiles, it was then of interest 
to look for optimum cutting edae characteristics. First, optimum cuttina 
edae characteristics were defined as those that would provide the reauired 
lateral load capacity for the minimum required embedment load, Me. Given 
this definition, it was then necessary to develop a curve of loci of cutting 
edae characteristics capable of resistina the reauired lateral load, i.e., 
18 MN or 180 Mn (4x10 lbs or 40x10° 1bs) depending on the environment. The 
curve of loci is a function of Z/B and B and is represented as a dashed line 
on Figures 46 - 49. 

The method for developing this curve of loci was to first enter 
Figures 38, 39, and 40 (and one. other unpublished curve for category B soil) 
and pick out B and Z/B parameters capable of resisting the required loading. 
With these values for the respective soil category, Fiaqures 46 throuah 49 
were entered from the B axis until the anpronriate Z/B curve was encourtered, 
Thus the loci of cuttina edge characteristics capable of resisting the 
lateral loadina were defined. 

2. Results. Figure 46 indicates for a category A soil there is not 
much difference in performance for different anchor-block/cutting-edae 
associations. Please note this evaluation does not touch on the subject 
of overturning potential which becomes worse with increased Z/B ratio. 
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Figure 46 indicates that a deadweight weighing between 20 and 25 PIN 
(4.5x10© to 5.5x106 Ibs) will be required to dnivers cutting edge system 
necessary to resist the deep ocean 18 MN lateral load. The waviness of 
the dashed curve is due to change in the number of intermediate cutting 
edges in order to maintain a b/Z < 2. As indicated before, the cutting 
edges must be maintained this close together to cause the lateral sliding 
failure to develop in the horizontal plane of the cutting edge tips. 

Figure 47 indicates that the minimum embedment force is required 
for a cutting edge length to anchor width ratio of 0.1. Embedment force 
is actually the weight reauired on the seafloor (for zero line angles). 
Thus, by minimizing embedment force, weight 1s minimized and efficiency 
is maximized. This figure demonstrates that efficiency is maximized at 
the smaller cutting edge lenaths. This trend is very favorable in that 
overturning should not be a problem with such a wide and squat anchor 
unit. Figure 47 indicates a required embedment force of 11 MN in order 
to realize the 18 MN lateral load capacity. 

For a cateaory C soil, Fiaqure 48 indicates again that shorter cutting 
edges are more efficient, in fact, the ontimum Z/B ratio is probably less 
than 0.1. For the deep ocean environment, a cutting edge embedment force 
of 11 MN is reauired to achieve the 18 MN horizontal holding capacity. 
The subject anchor block would be about 22 m (72 ft) on a side. For the 
Gulf Stream environment, a cutting edae embedment force of 117 MN 
(26x10 Ibs) will be required to drive the required skirts to achieve the 
required 180 MN lateral load capacity. This driving force cannot be placed 
on the seafloor at one time because the largest lift*system known can 
handle only 62 MN, half of that necessary, and that load only to 1500 m 
water denth. This limitation in load handling canability suagests that a 
deadweight anchor in category C soil subjected to a Gulf Stream loading 
would necessarily: 


a. Incorporate a sophisticated ballastina system to increase the 
submerged weight of the anchor once it was on the seafloor in 
order to fully embed the cutting edaes. 


b. Incorporate a means for adding mass on ton of the anchor to 
help weight the anchor and drive the cutting edges in a uniform 
manner. 


c. Incorporate a second anchor system to nrovide the additional 
lateral load capacity reauired, a system such as lateral load 
resisting anchor piles emnlaced through the anchor block. 


Fiaure 49 indicates that for a category D soil (sand) the most effi- 
cient section in terms of reauired submerged weight reauired for embedding 
skirts is that with no cuttina edges. This phenomenon occurs because the 
lateral load capacity of a deadweiaht on a non-cohesive (sand) material 
is nredominantly influenced by the in-water weiaht of the anchor block. 
The use of cutting edaes to drive the failure zone deeper in the sediment 
does little to increase the lateral load canacity. 
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However , cuttina edges are desirable, at least around the perinhery 
of the deadweight, to prevent undercutting of the anchor block by scour. 
Further, the substantial submerged weight must be made available anyway 
so that weight should also be used to drive some minimal cutting edge 
desian. The base shear design assumes a sauare plan anchor block of side 
length B and height H equal 0.1 x B with the block material having an 
average submerged unit weight, y, of 13.5 KN/m3 (86 pcf). sd 

Fiqure 49 indicates that a deadweight block with a side length, R, 
of 56 m (184 ft), a Z/B ratio of 0.95, and other parameters as above would 
resist the 180 MN lateral loading of the Gulf Stream. The force required 
to embed the cuttina edges is 64 MN (14.5x10© Ibs), for all practical pur- 
poses the same as the 62MN load capability of the Glomar Explorer. In 
practice the 64 MN, 56 m sauare deadweiaht with 2.8 m long cutting edges 
would consist of a structural prestressed concrete comnartmentalized box 
placed on the bottom by a heavy lift svstem. The cutting edges of this 
box would be embedded uniformly by the submerged weight of the emnty box. 
Given the box weight of 64 MN and the prestressed concrete unit weiaht 
in seawater of 13.5 kN/m3 (86 pcf), the volume occupied by the prestressed 
concrete would be 4,800 m3 (169,000 ft3). The 56 m x 56 m x 5.6m high 
box would enclose a volume of 15,300 m3 (623,000 ft3) of which 70 percent 
would be void space at the time of embedment. This void space would then 
be filled with a material selected to provide the necessary ,submeraed 
weiaht (1) to maintain the deen, planar zone of slidina, (2) to resist 
the overturning moment, and (3) to resist some small uplift load from a 
non-zero moorina line angle. If the box were entirely filled with concrete, 
its submerged weight would be 240 MN (54x106 Ibs), sufficient to resist 
overturning and some small amount of uplift component. 


Summary. The lateral load and skirt embedment analyses together 
then have resolved the general shaping and sizing of the deadweiaht anchor 
system for OTEC. Anchors on cohesive sediments will require cutting edae 
lenath, Z, of 0.1B; those on non-cohesive sediments require shorter cutting 
edaes to facilitate embedment with Z = 0.05R appropriate. Emplacement of 
anchor sizes sufficient to resist the deen ocean lateral loading of 18 MN 
(with near zero moorina line angle) is feasible with available technology 
and eauipment. Emplacement of anchors sufficient to resist the Gulf Stream 
lateral loadina of 180 MN (with near zero mooring line angle) on a cateaory 
D soil (sand-like) is also nossible today. Only the anchor conceptual 
desian for resisting the Gulf Stream loading on a category C soil (clav- 
like) remains a significant problem because of the difficulty of pronerly 
applying driving force to uniformly embed the cutting edges. Viable 
concepts for resistina heavy loads on clay have been suqaested but remain 
to be evaluated and compared. 


Bearina Capacity Analysis 


Introduction. The remaining section of this chanter briefly presents 
bearing canacity data. In aeneral, the results of this section suqgest 
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that practical deadweight anchors for OTEC in most deep ocean environments 
will not fail in a bearing capacity mode. However, deadweight anchors on 
non- cohesive sediments (sands) are susceptible to bearing capacity failure. 
This section will delve into the reasons for this low bearing capacity on 
sand, will indicate the magnitude of the Capacity reductions, and will 
delineate Steps necessary to make the anchors adequate. 

_ Analysis. The vertical load capacity of a very large; shallow, 
horizontal bearing surface is calculated using the following relationships: 


p= Balen (OM5vape Nesedh apices és F 
as Mo Se A ISG alts (28) 


SN S.d.i0k,) 
where B'= 8 - 2e, 


ey eccentricity of the load resultant »arallel to the 
B dimension (B is the short dimension) 


L*= iy- Ze, 


€,= eccentricity of the load resultant narallel. to the 
L dimension (L is the long dimension) 


Sq: v2 ea factors tc account for anchor plane shape 
das di, do = factors to account for the shearing resistance of soil 
‘ above the tearing plane of the anchor 
1g i)» Ve = factors to account for inclination of the resistant load 


k_, k_, k. = factors to account for compressibility of the supporting 
ge Oe sail 


These factors are all discussed and relationships for evaluating them are 
presented in CEL TM 42-76-1 (Valent et al., 1976). The values assigned to 
these factors for the bearing capacity analysis of square deadweight anchors 
are presented in Table 17. 
Some uncertainty surrounds the selection of the inclination and the 
compressibility factors. Both sets of factors deserve further experimental 
verification. The inclination factors i_ and i. are developed from the 
expressions presented in TM 42-76-1 for @ non-céhesive soil as a function 
of PyR, (Figure 50). The authors note that the expressions developed are 
simplified and may not be totally valid for values of Hy/R\y> approaching 1.0. 
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Table 17. Values Assumed for Bearing Capacity 
Factors in the OTEC Deadweight Analysis 


Cohesive Soils, Categories A, B, and C, o = 0 


Nov = 5.104, NU =20;5 N= 1.00 
vi q 


c 

(Note: therefore term of bearing 
capacity equation = 0.) 

sA= lez Sq = 1.00 

do = 1.05 oe = 1:00 

Ve = 0.50 ig = 1.00 

kK. = 1.00 Ky = 0.60 


Non-Cohesive Soils, Category D 


s = 0 @ = 0.52 rad (30 deg), 
y = 6.75 KN/m?(43 pcf) 

N = 22 Ng = 18 

$3 0.6 Sida ee 

deve M20 d, = 1.03 

For RY =2x Py 

is = 0.07 iq = 0.19 

k= 0.6 Kees 


100 


La 
7 


Me th ee 
ot oe = 


0.8 


0.6 


iy and ig 


0.4 


0.2 


0.0 


0.0 0.2 


0.4 


SS 
0.6 
PY /Ry 


0.8 


Figure 50. Bearing capacity coefficients for inclined loads soil category D. 
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The inclination factor i_ presents a problem in that at least three expres- 
sions are available yielding widely differing values for the loading con- 
dition of interest. Values vary from 0.25 to 0.7. The authors have 
relied on the expression of Hansen (1970) for the plane strain condition 
yielding i_ = 0.5 for the OTEC anchor limiting conditions. This assumption 
may be uncSnservative in view of Meyerhof's (1963) results and does require 
verification. : j 

The compressibility factors assumed also require verification because 
of the uncertainty in the assumed soil shear modulus, G, for the sediments 
in question. Reliable estimates of the soil shear modulus, G, are required 
in order to select reliable compressibility factors. Those factors that 
were selected and listed in Table 17 are best estimates given the available 
information, but they do require in-depth review. 


Results. 


1. Cohesive. the bearing capacity analysis indicates that those 
deadweight anchors on cohesive materials will not fail in a bearing capacity 
mode. Figure 51 illustrates the relationship of bearing capacity, Q, to the 
lateral load capacity, RL, as a funciton of anchor width, B, on a category A 
soil. the bearing capacity, Q, was calculated assuming the load's resultant 
applied to the soil was inclined at 0.79 rad (45 deg). The deadweight was 
also assumed loaded to ultimate laterally or PH (load) = Rj, (ultimate). 

Then given the resultant inclination of 0.79 rad, the vertical load com- 
ponent, Ry, for the analysis is equal to the lateral load capacity, RL. 
Thus, the Rj curve in Figure 51 also represents the vertical load component 
Ry, applied in the anlysis. Obviously, the bearing capacity, Q, exceeds 
the applied vertical load component, Ry, by some 750 percent, thus failure 
in a bearing capacity mode is very unlikely. 

Figure 51 also addresses the driving force necessary to embed the 
cutting edges, Q,- Qe is shown to be slightly greater than the vertical 
load component. Ry = RL, assumed in the bearing capacity andlysis. The 
deadweight anchor would have to weigh the greater amount, Qe, in order to 
embed the cutting edges. This anlysis assumes a zero degree mooring line 
angle, thus no additional weight is required to balance a vertical component 
from the mooring line. The submerged weight required for other mooring line 
angles (assuming H/B = Z/B = 0.1) is given by: 


Rp = R + R, tan B but not less than Q, (24) 


where Rp Required submerged weight (N) 


8 = Mooring line angle with the seafioor (rad) 


Note that the bearing capacity plotted in Figure 51 was based on an 

assumed submerged weight equal to the applied lateral load. A more precise 
value of bearing capacity could now be calculated using the required 
submerged weight (R,) as the vertical load. This was not done since the 
resulting change in bearing capacity is minimal. 
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The Q. values shown in Figure 51 and elsewhere in this report were 
calculated assuming that the skirts penetrate evenly and vertically. A 
canted or inclined deadweight would produce uneven penetration and would 
result in higher embedment force. Thus, development of means to ensure 
uniform penetration of the large plan area deadweights required of OTEC 
may be necessary if uneven penetration is in fact a problem. 

The Rc curve represents the submerged weight of a block of prestressed 
concrete of dimensions B by B square and 0.1B high, the dimensions assumed 
for the OTEC deadweight anchors. The potential submerged weight, Rc, 
of a block of these dimensions is 200 percent greater than the weight 
required to embed the cutting edges, Q.. Thus, considerable "excess" 
vertical load carrying potential is available should a non-zero mooring 
line angle be necessary or should additional weight be required to account 
for uneven penetration. 

On a category C soil (cohesive and strong) the relationship of 
bearing capacity to the loads being applied is much the same, that is, 
the applied vertical loads will be considerably lower than the soil bearing 
capacity (Figure 52). However, the relationship of the loads R,, Qe» and 
Re shifts somewhat. The required submerged weight on the seafloor 1s 
again given by Equation 24. As before, the assumed volume of the anchor 
block, B by B by 0.1B high, provides ample space for weighting material 
with density equivalent to prestressed concrete. : 

2. Non-Cohesive. On non-cohesive sediments, Category D soil, the 
lateral load capacity is influenced much more drastically by load inclina- 
tion as compared to the inclined load capacity of cohesive soils. Figure 
50 shows that for a load inclination of 0.79 rad (45 deg), the inclination 
factors iy and ig in the bearing capacity equation, (23), are equal to 
zero. Since the undrained shear strength, s, is also zero for non-cohesive 
soils, the bearing capacity is exceeded. Figure 50 illustrates that the 
vertical load component, Ry, must be increased for any given lateral load, 
PH, in order to increase the magnitudes of the inclination factors iy and 
ig. Figure 53 describes the interdependence of Ry, the applied vertical 
load, and Q, the resulting realizable bearing capacity. As the applied 
load Ry is increased, the bearing capacity, Q, is increased, but at a much 
greater rate. At some point the applied load and the bearing capacity 
will balance each other. For the case in question, balance occurs at a 
load component ratio, Pu/Ry of 0.65 corresponding to an applied vertical 
load, Ry, of 280 MN (62x106 Ibs) for an applied lateral load, Py, of 
180 MN {40x106 Ibs). | . | 
The authors note that a bearing capacity type failure on sand may not 
beaserious problem. As discussed in the first report, the major result of 
a bearing capacity type failure is line abrasion on the high side of the 
block as the load direction shifts. Ina uni-directional loading environ- 
ment (Gulf Stream) this line abrasion should not occur. Model testing to 
be carried out in the next phase of the OTEC effort should clarify the ser- 
jousness of a bearing capacity type failure. The extremely large weights 
indicated by the analysis above may in fact be unnecessary if a bearing 
capacity type failureis found to be of minor consequence. 
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Figure 53. Influence of load inclination on bearing capacity, soil category D. 
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Fidure 54 illustrates the relationship between the various loads 
involved with a deadweight anchor on sand as a function of the sauare 
block width. The bearina capacity, Q, is eaual to the required vertical 
load (Q = RR= 1.5 R}). The force Qe, reauired to embed the cuttina 
edaes, of length Z = 0.05R, is about 25 percent of the reauired vertical 
load, Rr, thus no embedment problems are foreseen. In order ta achieve 
the Submeraed weiaht reauired, RR, within the assumed anchor dimensions 
some special weighting may be necessary. This is so because the weiaht 
of a solid, prestressed concrete block, B by B by 0.1R, is less than 
the block weiaht, Rr, reauired to achieve a like bearina canacity. The 
difference in weiaht between RR and Rc is relatively small and supplyina 
that weiahtina, by increased bulk density, should present no problem. 


Findinas and Conclusions 


1. The ontimum ratio of cuttina edae lenath to sauare deadweiaht 
Side dimension, Z/B, varies primarily with the soil type: 


a. For cohesive soils, the ontimum Z/R ratio is 0.1 
b. For non-cohesive soils, the optimum Z/B ratio is about 
0.05 or somewhat less. 
2. Deadweight anchor (square) dimensions necessary to maintain OTEC 
on station ranae between 22 and 60 m dependina on the loadina condition 
and seafloor material (see Table 15). 


3. In order to vrevent excessive tiltina of a deadweight anchor 
(local bearina canacity failure), the effective weiaht (vertical force 
component Rv) applied to the seafloor must meet certain minimum values: 


a. For cohesive soils, the required weiaht is aiven by Equation 24. 
For the cohesive soils and loads considered, the reauired embedment force 
is anpnroximately eaual to the annlied lateral load. 

b. For non-cohesive soils, the required weight is dictated by 
bearina capacity, not skirt embedment. To prevent a bearing capacity tyne 
failure, a submeraed weiaht of annroximatelv 1.5 times the apnlied lateral 
load is necessarv. The tremendous weiaht maanitudes imposed by this 
reauirement may be reduced if testina indicates that a failure in the bear- 
ina canacity mode will not lead to catastronhic anchor failure. Also, the 
coefficients used in the bearina canacity equations need verification for 
the OTEC loadina conditions. Present uncertainties in these coefficients 
force conservative desian. Model tests to reduce this problem, and hope- 
fully to enable deadweight desian to be auided by lateral resistance rather 
than bearina capacity in non-cohesive soils, are included in the next pnhase 


of the OTEC effort. 


4. The concept of using a deadweiaht anchor with cutting edaes to 
moor OTEC nlatforms on sediment seafloors is viable. 
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GROUP CAPACITY 
Factors Affecting Group Capacity 


Introduction. Data available from which to determine group capacity 
1s extremely limited; thus, maximum use of related data was made. The 
factors affecting aroup capacity are not well understood. Denendina on 
ve pices or test results one chooses, the following appear to have an 
effect: 


1) Spacing 

2) Relative embedment depth 

3) Soil characteristics 

4) Anchor type and characteristics 
5) Anchor number and arranaement 

6) Method of installation 

7) Loading geometry (axial, lateral) 


The only factor which stands out enough to be considered explicity is 
spacing. All theory, model results, and the limited field data available 
for soft seafloors indicate that decreasing anchor spacina decreases aroun 
capacity. Recommended spacinas will be discussed and cateaorized according 
to anchor type and soil type. Suggested procedures must be considered 
interim due to the limited data; desiaqns based upon these must use suffi- 
cient factors of safety. Once the primary OTEC anchoring choices are 
defined then the needed data will have to be gathered in order to justify 
reduced design safety factors. 


Clay Seafloor. After placina anchor flukes, either through draaaina, 
pile driving, augering, ballistic driving, etc., their performance as a 
function of spacing should be similar. An approach for determining desired 
spacina in clay was derived from data presented for the prediction of anchor 
holding capacity by Taylor and Lee, 1972. These data were replotted in 
Figure 55 as relative anchor spacing versus soil strengths. Minimum 
required embedment depth is also indicated by the abscissa. For example, 
if two anchors of width B in 28 kPa (4 nsi) shear strength soil are to 
exhibit maximum efficiency then they must be placed at least 5B center to 
center. 

As the anchors are placed closer together, the efficiency of the 
groun is reduced because the individual anchors behave as a single unit. 
The failure mode change may be of three types. First, if embedded near the 
soil surface, the failure mode could chanae from the deep plate mode for a 
single embedded plate at Z; to the shallow plate mode for a croup of 
closely spaced plates all at denth Z. A aroun of three or more plates, 
embedded to a soil depth near their individual critical embedment depths, 
would act aS one large plate at the same depth Z and the shallow failure 
mode would occur (see Taylor and Lee, 1972). This failure mode chanae 
could reduce the average holdina canacity of eachanchor inthe group to 40 
nercent of that of the original, uncombined, oriaginally-spaced anchor ca@acity. 
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Soil Shear Strength, s (kPa) 


Cohesive Soils 


Anchor dimension B is the smallest 
typical dimension (e.g., width, diameter) 


b = Anchor spacing center to center 


C0) 1 2 3 4, 5) 


Relative Spacing, b/B for 100% Efficiency 


Figure 55. Minimum spacing of embedded anchor flukes for cohesive soils to realize 100 percent 
group efficiency. 
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Soil Shear Strength, s (psi) 
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Second, if the plates are quite deep but still at the same depth Z, then 
when brought close together, their failure zones would interact to reduce 
their capacity. For instance, if we were dealing with equal square plates 
and one edge of each were to touch to form a rectangle, then the group 


Hae capacity would be reduced to 92 percent according to the shape 
actor. ; 


S) = 0.84 40.16 B/L | () 


Third, if the plates were stacked one atop the other like the multiple 
helices of a screw anchor or stacked one behind the other like multiple 
drag anchors in series on one line, then close spacina of the flukes will 
result in shearing the soil on the surface of a cylinder or prism encom- 
passing the flukes. This latter mechanism can drastically reduce group 
efficiency. 

The relationship of Figure 55 might be questioned for individual 
anchors spaced perpendicular to the direction of pull, because the rela- 
tionship is based primarily upon the effect of the individual anchors 
being spaced parallel to the direction of load. However, the results 
of Lanaley (1967) show that for qroups of bulbous piles in soils of shear 
strength 24 to 124 kPa (3.5 to 18 psi), a spacing of 5 diameters was 
sufficient to develop the full pullout resistance of individual piles. 
These data agree well with the data of Figure 55. 


Sand Seafloor. Minimum spacing for two anchors for 100 percent 
efficiency is plotted in Figure 56. This data was also taken from Taylor 
and Lee, 1972 and replotted for simplicity. Typical friction angles of a 
seafloor sand will range from 0.52 to 0.61 rad (30 to 35 deg); thus minimum 
reauired spacings will be 4 to 5 times anchor width or diameter. The same 
limitations regarding performance of anchors in clay spaced closer than 
their minimum holds for anchors in sand. 


Anchor Snacing Recommendations 


Conventional (Drag Burial) Anchor Spacing. Conventional anchors 
can be used singly, or multiply (in tandem or in parallel). The snacinas 
for 100 nercent efficiency in Figures 55 and 56 are recommended. When 
multiple anchors are used, their group capacity will depend not only upon 
their spacing and depth of embedment, but also upon how they are connected 
and installed. 

To achieve proper spacing, anchor draqg distance for an efficient 
burial anchor is about six times embedment depth (embedment depth estimated 
from Figure 5). For anchors attached in parallel (Figure 57a) the anchors 
must be spotted (before setting) a sufficient distance apart to insure that 
their final spacing (after setting) will be adequate. A somewhat different 
problem occurs with anchors placed in tandem (see Figure 57b). If the 
anchors are not efficient burial anchors, for example, Doris mud anchors 
(refer to section on conventional anchor extrapolation), then the minimum 
desired spacing should be increased to prevent the "following" anchors 
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Soil Friction Angle, ¢ (rad) 


Noncohesive Soils 


a 


Anchor dimension B is the smallest 
typical dimension (e.g., width, diameter) 
b = Anchor spacing center to center 


1) 2 4 6 8 


Relative Spacing, b/B for 100% Efficiency 


Figure 56. Minimum spacing of embedded anchor flukes for noncohesive soils to realize 
100 percent group efficiency. 
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(a) Parallel. 


b = anchor spacing for 100% efficiency 


(b) Tandem. 


Figure 57. Tandem and parallel anchor configuration. 
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Plate Anchor Spacing. Plate anchors should be spaced according to 
the relationships provided in Figures 55 and 56. 


geile Anchor Spacing. A larae amount- of data is available-on the 
behavior of single piles. The difficulty in applying required test load- 
ings has resulted in little performance data for full scale pile groups. 
This lack of group pile data has resulted in attempts to use single pile 
data to predict group capacity. One approach has been to define a qroup 
efficiency equal to the actual group capacity divided by the sum of 
individual pile capacities. A typical efficiency formula is shown below. 
This is known as the Converse-Labarre equation. 


1eOOR = 5783 P x (test iat = Ns oy) (26) 


n 


where 7 = group efficiency 
D = nile diameter (m) 
b = pile spacing (m) 
m = number of rows 
n = number of columns 


The equation is based on overlapping of bulb stesses around piles which 
causes a reduction of soil capacity. The Converse-Labarre equation may 
be used for approximate prediction of friction pile group pullout capacity. 

Rough estimates of lateral load group efficiency may be obtained 
from model tests (Poulous, 1975). No actual field data is available for 
laterally loaded pile groups in soft seafloor-type materials. 

Practical considerations concerning spacing of driven piles were 
stated by Terzaghi and Peck (1967); their observations appear applicable 
to uplift or lateral resisting pile groups. They recommend that the dis- 
tance between pile centers should not be less than 2%: diameters. If 
spacing is less then the heave of the soil is likely to be excessive and 
the driving of each new pile may displace or lift the adjacent piles. On 
the other hand, a spacing of greater than four diameters is uneconomical 
because it increases the cost of the pile cap without materially benefit- 
ting the foundation/anchor. 

For intermediate and final design of groups in particular soils a 
detailed analysis using one of the rational techniques available (Terzaghi 
and Peck, 1967: Focht and Koch, 1973; Murthy and Shrivastava, 1972) is 


recommended. 
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ANCHORS ON ROCK 


Introduction 


The special anchoring requirements of rock seafloors are discussed 
in this section. Rock will probably be encountered for some OTEC sites 
in the Gulf Stream. Thus, the difficulties of anchoring in rock are 
compounded with the problems imposed by large mooring loads. 

There is relatively little experience in rock anchorages, and 
certainly no experience with the load magnitudes possible with OTEC. 
Consequently, the anlysis below is conceptual. The designs cited are 
basic ideas which will be refined, altered or combined to achieve optimum 
performance for a particular situation. 


Environment 


A typical site in the Gulf Stream would have a water depth of about 
460 meters. It would have a karst-like, possibly cavernous limestone 
topography. The University of Miami has made several dredge hauls in 
such areas on the Miami Terrace. Their samples were identified (X-ray 
crystallography) as amorphous flour-apatite; a rock in which the carbonate 
has been replaced by phosphate and flourine ions. The vertical extent 
of the rock is unknown. Samples taken were finely laminated. They were 
composed of alternating fossiliferous and barren layers. Foraminifera 
were predominant, but not excessive. Deposition was probably Tertiary. 

Very little is known about the engineering properties of Gulf Stream 
rock. This is unfortunate since knowledge of rock strength characteris- 
tics is of primary importance in anchor design. Obtaining representative 
data is a difficult and an expensive task. The engineering properties of 
marine limestone may vary drastically within a small area (Yang, 1976). 
For this reason a broad general sampling program would be of little value. 
Sampling and testing should be done carefully at the actual site location. 
Actual site topography and rock properties are essential for an optimum 
anchor design. 


Basic Anchor Concepts in Rock 


The several basic anchor concepts described below are summarized in 
Table 18. All anchors were designed assuming that horizontal and vertical 
force components of 180 HN (40x10© lbs) were applied at the anchor. 

The seafloor was assumed to be composed of uniform limestone with an 
average compressive strength of 29 MPa (4200 psi) (Farmer, 1968). A 
coefficient of friction between concrete and rock of 0.3 was assumed for 
calculations involving anchor sliding. The bond strength in shear 
between concrete and a natural rock surface was assumed as 69kPa (10 psi). 
A bond strength in shear of 517 kPa (75 psi) between grout and steel and 
between grout and rock was used for piles and tendons in drilled holes. 
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Simple Deadweight. As shown by Table 18, a deadweight of 780 MN 
(175 x 10° lbs) is required to resist Gulf Stream loading. The extreme 
size (83 m x 83 m x 8.3 m) of this anchor make handling, transportation 
and instd lation major problems. : j im 

Two possible techniques for accomplishing these tasks are suggested. 

First, the anchor could be fabricated in a large dry dock, then barged 
or towed to the site using external or internal buoyancy tanks. A buoyancy 
or heavy lift system would also be required to lower the anchor to the 
seafloor. Second, the anchor could be cast in place on the seafloor. 
Again, a heavy lift sytem would be needed to pre-position the framework on 
the ocean floor. Technology for pouring concrete in the ocean at a depth 
of 460 m has not been demonstrated to date, but is probably within reach 
in the near future. 

The advantages of the deadweight are its simplicity and reliability. 
It does not require that complex underwater operations be carried out in 
the high energy Gulf Stream environment; and it is not likely to fail 
catastrophically. 

Note that for all deadweight calculations a height to width ratio of 
0.1 was used. A ratio of as much as 0.4 is probably acceptable on a rock 
seafloor. This would reduce the lateral dimension shown in Table 18 to 
about 0.7 of the stated values. 


Grouted Deadweight. A substantial reduction in anchor size results 
if grout, injected beneath a deadweight, is used to resist lateral load. 
Since grout is ineffective in tension, the deadweight described in Table 18 
was designed with a mass sufficient to resist the vertical load. The shear 
strength of the grout-rock bond is assumed to resist lateral load. A bond 
shear strength.of 69 kPa (10 psi) is required over the entire deadweight 
bottom surface to resist the 180 MN lateral load. Careful seafloor surface 
preparation (possibly by suction dredging) is required to insure sufficient 
bond integrity. 

Again, a heavy lift system would be needed to install the anchor. 
By grouting or gluing the dead weight to the underlying rock, size is 
reduced, but cost is increased, installation complexity is increased, and 
a questionable bond with the seafloor exists. 

The grouted deadweight concept might be carried one step further. 
Use of an underwater curing epoxy, instead of a coment grout, could reduce 
anchor size drastically. Epoxy grouts can sustain tension as well as shear. 
However, there would be an even more critical dependence on the bond at the 
seafloor. Experience with underwater epoxies is limited. Their long term 
performance in a marine environment under heavy loads has not been proven 
conclusively. Further, bonding of the anchor to a cleaned rock surface may 
not increase anchor holding capacity since the rock itself may separate 
along bedding planes. Thus, bonding of an anchor block to a rock surface 
would be an uncertain operation at best. 
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Deadweight - Sinkhole Combination. Sinkholes large enough to be 
explored by submersible occur frequently on the terrace off southeastern 
Florida. Placing a deadweight into a singkhole would alter the mechanism 
for resisting the lateral load component. Much or all of the lateral load 
component would be transferred directly from the mooring line to the rock 
at the lip of the sinkhole. The required deadweight size could be decreased 
accordingly. For example, the anchor in Table 18 was designed to resist a 
maximum line tension of 180 MN x 1.41 = 255 MN. 

Two major difficulties with utilizing this concept are: 1) there is no 
guarantee that a suitable sinkhole will be near an acceptable OTEC site, 
and, 2) line abrasion at the lip of the sinkhole would be severe. 


Driven or Drilled Piles. The behavior of piles in rock is not clearly 
defined. Information dealing with pile systems in rock in the marine 
environment is limited. The amount of practical installation experience is 
likewise limited. However, pile systems remain a strong contender for the 
OTEC anchor in rock because: (1) pile systems are much less dependent on 
seafloor surface irregularities than a simple or grouted deadweight and 
(2) piles also substantially reduce the required dimension and material 
weights as shown in Table 78. 

An OTEC anchor cmprised of a group of bored and grouted piles in rock 
could potentially fail in three simple mechanisms: (see Figure 58) 


1. The individual piles will exert high bearing loads against the 
restraining near-surface rock and could cause crushing of that rock. 
Crushing of the near-surface rock would allow pile lateral deflection with 
accompanying increase in bending moment in the pile, and a shifting of 
restraining load to lower rock layers. The piles could fail in bending or 
the crushing of rock could progress downward until the piles pulled out. 


2. Axial load in a pile could exceed the capacity of the grout to 
steel bond, the grout to rock bond, or the grout shear strength. Thus, 
excessive axial load could cause axial pullout of a grouted pile. 


3. The rock mass into which the piles are grouted may be weak or 
fractured. Uplift failure of the entire rock mass could occur. If we 
assume a weathered, layered limestone, as appears from the limited dredge 
hauls, along with some jointing, this assumption is likely the case. To 
reduce the likelihood of such failure, the site survey must identify the 
probable rock strength and joint and fault systems, and the pile system 
must be designed to entrain a sufficient mass of rock to provide the nec- 


essary vertical restraint. 
The OTEC anchor could also fail in combinations of the above mechanisms 


depending primarily on the system of discontinuities in the rock. The 
following analysis considers only the above three simplistic mechanisms. 
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First, the assumption was made that the entire lateral load on a 
pile is absorbed by the first 0.3 m of rock adjacent to the pile below 
the seafloor. Using a conservative limestone compressive strength of 
29 MPa (4200 psi), and assuming a 0.25 m diameter pile, lateral resistance 
per pile was found to be 1.43 MN (320,000 Ibs). Roughly 125 such piles 
are required to resist a lateral load of 180 MN. For simplicity a 12 by 
12 pile array (144 piles) was assumed. ; tes 

Next, the adequacy of the group design against vertical pullout was 
treated. Failure mode three (Figure 58c) was found to be more stringent 
than mode two (Figure 58b) for the pile spacing and rock condition assumed. 
Therefore, the pile group in Table 18 was designed to resist uplift failure 
of the entire block. In other words, pile spacing,and length were designed 
so that the weight of entrained limestone (11 kn/m?) plus friction devebped 
along the vertical sliding surface balanced uplift force. 

Analysis of other cases in the literature suggests that the procedure 
used is conservative. Even with this conservativeness, a Significant 
anchor size and weight reduction, as compared to a pure deadweight was 
indicated. 

The cost of drilling and grouting the required 144 piles would be 
high. However, by increasing pile size or perhaps by using a deadweight 
and battered pile combination, this cost might be reduced. Selection of 
an optimum design requires a refined analysis procedure based on actual 
rock properties and loading conditions. 


Pre-stressed Tendons. A similar reduction in anchor size might be 
achieved by uSing pre-stressed tendons. First, holes would be drilled 
through a template into the rock seafloor. High tensile strength steel 
tendons would then be inserted and grouted in place. Finally, each tendon 
would be tensioned by jacking down against a template on the seafloor. 

The template would be forced against the seafloor with a normal force 
large enough to provide the required frictional resistance to Sliding. 
In effect, the tensionong force acts as an equivalent deadweight force. 

For example, uSing the same coefficient of friction as for the 
simple deadweight, a tensioning force of 780 MN is required. The total 
cross-sectional area of steel tendons required is 0.5m@ assuming 250 ksi 
(1725 MPa) steel. As was the case for piles, the uplift failure mode 
shown by Figure 58c governs. Therefore, a template of the same size (20 m), 
and steel tendons of the same length (20 mas for piles is needed to 
entrain the required limestone mass. 

Examination of Table 18 shows that little is gained by using post- 
tensioned tendons rather than piles. The intricacy of installation and 
resulting high cost would reinforce this conclusion. 

Plate Anchor-Sinkhole Combination. Another anchor concept which was 
considered again asssumed the availability of a suitable sinkhole near 
the OTEC site. A large plate is placed into the sinkhole and covered with 
a fill material. This would remove the major problem of embedment of the 
large plate size required for OTEC. Approximate plate size was calculated 
as before and is repeated in Table 18. 
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This concept faces the same difficulties as noted for a deadweight in a 
sinkhole, notably limited applicability and line abrasion. In addition, 
acquiring the necessary fill material would be a formidable task. 


Conclusions and Recommendations 


Anchor design for a rock seafloor site in-the Gulf Stream requires spe- 
Ciiiae knowledge of the local topography as well as rock engineering 
properties. The investigation revealed that anchoring in such a location 
will present problems not encountered on normal seafloor sediments. A 
commensurate increase in anchor cost is probable. 

Use of the pile anchor system for the Gulf Stream rock environment is 
very attractive at present because the pile anchor system can easily 
accomodate much of the topographic irregularity found in the rock environ- 
ment and because pile configuration can be altered on site to accomodate 
variable rock properties. However, pile installation in 460 m of water on 
an exposed or thinly covered rock seafloor will require the development of 
some new technology. To resist uplift loads, piles in the rock environment 
will probably be grouted into bored holes. The equipment for starting such 
bored holes in thinly covered rock from a floating platform is not avail- 
able. However, the necessary equipment is not overly complex when compared 
to present offshore oil-production technology. 

Deadweight anchors (simple or grouted) would be an excellent choice 
for OTEC if: 1) a heavy lift capability is available for placing the 
anchor and, 2) the ability to pour large concrete masses on the seafloor 
is demonstrated. Simplicity, economy, and reliability are the primary 
advantages of deadweight anchors. 


SUMMARY 
Deadweight Anchors 


Deadweight anchors have been found very suitable for mooring the 
OTEC platform, especially on unconsolidated sediments. On unconsolidated 
sediments, the deadweight is fitted with cutting edges about its periphery 
and at intermediate locations beneath the anchor block. The anchor weight 
in cohesive soils is dictated by (1) the force required to embed the cutting 
edges or (2) to prevent overturning, whichever is larger. The cutting edges 
serve to depress the failure plane in lateral sliding into deeper and 
stronger soil strata. Through this mechanism, the lateral holding capacity 
to weight ratio of the deadweight (assumed concrete) is about 1/2 to 1 ; 
(1 to 1 interms of submerged weight) on cohesive soils. On non-cohesive - 
soils (sands), the lateral holding capacity to weight ratio is about 1/3 
to 1 (2/3 to 1 in terms of submerged weight). In this latter case, on 
sand, the mass required for the deadweight may not be dictated by the 
weight required to prevent sliding along the base shear plane. Rather, the 
mass may be dictated by a bearing capacity problem beneath the leading 
edge of the anchor block: on sands the anchor block is in danger of fail- 
ing locally in bearing capacity and nosing over into the sediment. 
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To counter this tendency, the net downward force on the sediment must be 
increased to increase the effective normal stress across the potential 
Shear zone. Raising the normal stress raises the shear strength of the 
sand and increases the bearing capacity. In other words, the weight of 
the block must be increased to prevent a bearing capacity type failure. 
This means a large increase in the material and installation cost.of the 
anchor. Further work to be done in the next phase of the CEL OTEC effort 
will determine the consequences of such a failure. Model tests and 
refinements of the analysis procedure could indicate that a bearing cpacity 
type failure would not adversely affect anchor performance in a uni- 
directional loading environment (Gulf Stream). Such a result could mean 
substantial savings in hardware and installation costs. 

The use of deadweights on exposed or shallowly buried rock surfaces, 
such as found on the floor of the Gulf Stream, offers some special prob- 
lems. The rock surface is relatively unyielding so it is difficult for 
cutting edges to bite into it. Nor will the rock surface conform to the 
deadweight bearing surface. As a result, it is difficult to achieve 
sufficient lateral load resistance with a deadweight. Effective coeffi- 
cients of friction on rock are about 0.3, leading to a lateral holding 
capacity to weight ratio for a deadweight of 1/6 to 1 (1/3 to 1 in terms 
of submerged weight). On rock, it appears prudent to provide additional 
techniques for developing lateral load resistance. Short stub piles 
acting in shear appear excellent candidates for this purpose. Installa- 
tion of the piles would require some means of developing sufficient thrust 
on the drill bit in order to start the drill hole, but otherwise should be 
state-of-the-art. 


Pile Anchors 


Pile anchors are very efficient carriers of axial load. Thus, those 
piles installed vertically as from a drillship can economically resist 
very high vertical components of mooring line force. However, piles are 
not efficient in resisting large lateral loads in the almost normally con- 
solidated soil profiles of the deep ocean. Soft surface sediments are not 
able to provide sufficient lateral load resistance to the deflecting pile. 
Thus, the load is transferred to lower elevations in the pile, and bending 
moments are increased. These bending moments dictate structural design of 
the pile. The weight of hollow cylindrical steel piles in about 20 percent 
of the lateral force being resisted (lateral holding capacity to weight 
ratio of 5 to 1). The steel pile sections must be pressure grouted in the 
bored holes, especially in the predominantly calcareous ooze sediments. 
Given the sophisticated construction techniques required, and given the 
resulting lateral load to weight ratio, pile anchors in typical unconsoli- 
dated seafloor sediments appear of marginal value to the OTEC mooring pro- 
gram. This conclusion presumes that low mooring line angles will prevail 


for OTEC mooring systems. 
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Conversely, piles would serve well as OTEC anchors if high mooring 
line angles were adopted for the OTEC system. There are several reasons 
why high mooring line angles should be avoided. First, high mooring line 
angles mean increased mooring line forces: for a mooring line angle of 
0.79 rad (45 deg) the line tension would be 1.4 times the tension for a 
line angle of 0.0 rad; for 1.0 rad (60 deg) the line tension would be 
twice as large. Note that there is not a-mooring line available to hold 
OTEC even at a zero line angle. Raising the line angle increases line 
tension and compounds the mooring line problem. High line angles also 
stiffen the mooring which increases dynamic loading at the anchor. In 
moorings with low line angles, most of the dynamic loading is damped out 
before reaching the anchor by line motion in the water. Preliminary tests 
at University of California, Berkeley, suggest that dynamic loadings could 
result in significant strength reductions in the calcareous ooze sediments 
that predominate in proposed OTEC siting areas. Thus, dynamic loadings on 
anchors on calcareous ooze should be minimized to prevent soil strength 
reductions and anchor pullout. High mooring line angles and resulting 
high dynamic stresses at the anchor should be avoided. 

Pile anchors may serve well to moor OTEC to a rock surface such as 
exists beneath some parts of the Gulf Stream. The pile sections designed 
are really steel shear pins which are grouted into rock to provide addi- 
tional resistance against uplift. 


Plate Anchors 


Plate anchors (direct embedment anchors, screw anchors, etc.) are not 
suitable for providing the holding capacity required for OTEC in either 
loading environment. For example, in the deep ocean environment, (assuming 
a zero degree line angle at the seafloor) restraint of OTEC would require 
a square plate 6.1 m (20 ft) on a side embedded to a soil depth of 30 in 
(100 ft). To key a 6 m direct embedment fluke approximately 12 m of travel 
would be necessary. Thus, the initial penetration required of the fluke 
would be 30 m + 12 m = 42 m (140 ft). A propellant system for embedding 
these flukes is considered not feasible. Other driving systems, while 
feasible, would require a complex and very large driving guide on the sea- 
floor and would require considerable equipment development to guarantee 
the project. 

Please note that the above deep ocean loading assumes a horizontal 
loading. Increasing the mooring line angle would increase the number of 
6 m plates required, and would necessitate bridling to equalize the load- 
ing. CEL has performed this task in shallow water where assembly could be 
accomplished subaerially; but installing and bridling flukes remotely, in 
deep water would be extremely complex and expensive. 


Standard Burial Anchors 


Drag embedment anchors could be fabricated to provide the required 
holding capacity for OTEC in the benign, deep ocean environment. 
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An anchor weighing 64 Mg (140,000 Ibs), providing a predicted lateral 
holding capacity of 18 MN (4x106 lbs), is feasible. However, drag 
embedment anchors have two strong disadvantages which render them unde- 
sirable for use in the OTEC mooring: 


1. Drag embedment anchors must be loaded in only one direction, 
Whereas loading in the deep ocean environment will not be so limited. 
The direction of load application can be limited by using a multi-point 
moor with a drag embedment anchor at each leg. This approach would, 
however, multiply the material cost of the moor by at least four. 


; 2. Drag embedment anchors must be embedded with a zero mooring 
line angle and, for efficient operation, that line angle must remain near 
zero. In order to attain a near-zero mooring line angle, a very long 
scope of line must be used or "sinkers" in the form of concrete blocks of 
heavy chain must be attached to or integrated into the mooring line to 
absorb the vertical component of mooring line tension. Thus, the drag 
anchor is best used in combination with a deadweight: the deadweight 
resists the vertical component of load and the drag embedment anchor 
resits the lateral component of load. Installation of a single leg for a 
multi-point moor would require precise handling of a heavy deadweight and 
a large drag anchor simultaneously. This would be an intricate operation 
in deep water. Other anchor types offer greater versatility and savings 
in materials. Drag embedment anchors are not desirable for mooring OTEC 
in the benign deep ocean environment. Drag embedment anchors are even 
less suitable for use inmaintaining the OTEC plant on station in the Gulf 
Stream environment. To resist possible 180 MN (40x10© 1bs) loads, eight to 
ten 64 Mg (140,000 1bs) drag embedment anchors, bridled together so as to 
equally distribute the load, would be required. Proper installation of 
this drag anchor group, and development and maintenance of the equally 
distributed loadings; would be very difficult, rendering the concept not 
suitable for use in the Gulf Stream environment. 


CLOSURE 


As a result of this effort, certain constraints on the OTEC mooring 
design, and indeed possibly on the OTEC plant design, are evident. These 
constraints have been alluded to here. Coherent presentation of these 
constraints is made in the final report on the Phase I OTEC Anchor System 
effort. ; 
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SYMBOLS 


Bearing area of deadweight anchor (m2) or cutting edge tips 
Side area (m2) 
Width of deadweight anchor block (m). 


Spacing between cutting edges beneath deadweight, or anchor 
spacing (m). 


Diameter of pile or circular anchor block (m). 


Depth below seafloor surface (m). 


Factors to account for the shearing resistance of soil 


above the bearing plane of the anchor. 

Young's modulus (Pa). 

Distance of resultant force from centroid of base (m). 
Height of deadweight anchor excluding cutting edges (m). 
Polar moment of inertial of the pile (rae 

Factors to account for inclination of the resultant load. 
Modulus of horizontal subgrade reaction (Pa). 

Coefficient of passive lateral earth pressure. 

Coefficient of lateral pressure on pile wall. 

Factors to account for compressibility of the support soil. 


Horizontal length, as the long dimension of a rectangular 
anchor block (m). 


Moment (Nm). 
Maximum moment (Nm). 
Moment at surface (Nm). 


Maximum bending moment in a cutting edge per unit width of 
deadweight anchor (N-m/m). 
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M Moment at a point (Nm). 


Nee Ns Ng Bearing capacity factors. 
ny, Coefficient of horizontal subgrade modulus (Pa/m). 
P Force applied to an anchor by the mooring line (N).. 
Pi Horizontal component of mooring line force at the anchor (N). 
Py Vertical component of mooring line force at the anchor (N). 
p Soil pressure (Pa). 
Q Vertical load reaction supplied by soil (N). 
Q. Force required to embed cutting edges (N). 
Q, Total side friction on pile (N). 
R Anchor capacity (N). 
Ra Axial force Capacity of pile (N). 
Ro Lateral load resistance developed below the cutting edges 
of the deadweight, base shear resistance (N). 
Re Submerged weight of concrete deadweight anchor (N). 
Re Total lateral resistance or capacity (N). 
R Lateral load resistance of passive wedge against leading 
P cutting edge of deadweight (N). 
Ro Lateral load resistance per unit width of passive wedge (N/m). 
Rp Required submerged weight (N). 
Ry Net vertical force (N). 
Sp Bearing capacity shape factor. 
Se Sensitivity = (undisturbed undrained strength) > (remolded 
undrained strength). 
S Undrained shear strength (Pa). 


Soe oye a Factors to account for base shape. 
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Friction against cutting edge lateral area (Pa). 

Average undrained shear strength (Pa). 

Relative stiffness (m). 

Thickness of cutting edge (M). 

Thickness of pile wall (m). 

Shear force (N). 

Weight (N). 

Submerged weight (N). 

The effective weight or force on the base shear plane (N). 


Submerged weight of soil entrained within the cutting edges 
and above the base shear plane (N). 


Distance along pile below point of lateral load application (m). 
Lateral deflection (m). 
Length of structural element (m). 

Angle of mooring line with horizontal (rad). 
Buoyant unit weight (N/m?) 


Effective friction angle of soil on pile wall or 
cutting edge wall (rad). 


Friction capacity coefficient. 
Vertical effective stress (Pa). 


Average vertical effective stress over pile length (Pa). 


Effective angle of internal friction (rad). 
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Defense Documentation Center’ 
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Naval Facilities Engineering 
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